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PEEFACE. 


'PHE  Science  of  (Geology,  though  barely  yet  a  century  old, 
-^  coyers  already  so  wide  a  field  and  takes  in  so  great 
a  diversity  of  subjects,  that  few,  if  any,  men  can  hope 
thoroughly  to  master  the  whole  of  it. 

Mineralogy,  Petrology,  Stratigraphical  Geology,  Terres- 
trial Cosmogony,  Palaeontology,  and  other  lines  of  research, 
though  they  may  fairly  be  looked  upon  as  subdivisions  of 
Greology,  are  fast  becoming  separate  Sciences. 

But  while  it  has  become  almost  an  absolut'C  necessity  for 
most  Geologists  to  concentrate  their  attention  on  some  one 
department  of  the  Science  and  be  content  with  a  less  perfect 
grasp  of  the  rest,  there  is  yet  a  certain  basis  or  ground- 
work, with  wliich  every  one  who  meddles  with  Geology, 
whatever  be  the  branch  to  which  he  specially  devotes  him- 
self, must  be  acquainted  if  his  work  is  to  be  sound.  For 
want  of  a  knowledge  of  this  groundwork  the  Petrologist, 
looking  merely  to  chemical  and  mineralog^cal  composition, 
classes  together  rocks  which  differ  totally  in  their  origin  or 
manner  of  occurrence ;  the  Pakeontologist  pure  and  simple 
is  apt  to  force  into  an  unnatural  connection,  on  account  of 
similarity  in  fossils,  formations  which  physical  evidence 
shows  ought  to  be  kept  widely  apart;  the  Field  Geolo- 
gist is  content  with  tracing  boundaries  on  his  map,  and 
forgets  to  ask  himself  how  his  lines  were  produced  and 
what  they  mean. 

It  is  this  fundamental  groundwork  of  which  I  have 
attempted  to  give  an  outline  in  the  present  volume,  and  in 
default  of  a  better  name  I  have  called  it  Physical  Geology. 


I'nr  soTiif  of  it->  l)r;ni('lit->.  siidi  as  ili 
lliu  set  iK'iy  of  ii  coiiiitiT  and  its  ^ro 
be  understood  witliout  any  special  ki 
mastered  and  enjoyed  by  any  one  \a 
and  reason  in  a  very  common-sense 
Bees  around  him. 

But  I  have  been  still  more  anxioi 
book  for  the  School  and  Lecture-ro« 
that  the  book  may  be  found  suitable 
poses,  I  am  tempted  to  venture  a  few 
which  Natural  Science  is  entitled  to  h 
for  training  the  mind  to  reflect  and  r 
now  of  somewhat  brisk  controversy, 
tivating  the  faculty  of  observation  its  s 
tioned;   but  it  is  not  so  generally  a 
powerful  an  engine  for  developing  tl 
as  the  older  studies  of  Mathematici 
Natural  Science  is   ever  to  take  rai 
must  show  that  it  is   equal  to  then 
portant  respect ;  and  any  work  on  Nal 
is  intended  for  educational  use,  must  i 
the  I'esults  arrived  at,  but  must  also  pi 
by  which  they  have  been  obtained.     Fi 
dwelt,  with  I  hope  not  wearisome  minul 
processes  by  which  the  conclusions  of 
reached. 
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to  amve  at  anj  oondusion  wliatever.  It  has  been  objected 
to  Natural  Sdence  in  general,  and  tbe  objection  applies 
with  special  force  to  Geology,  that  it  1b  unsuited  for  an 
instrument  of  education,  because  much  of  it  is  imcertain 
and  liable  to  be  upset  by  new  discoveries,  and  much  of 
it  at  present  little  more  than  a  blank.  But  it  is  this  very 
circumstance  which  seems  to  me  to  constitute  one  of  the 
diief  claims  of  Science  to  rank  high  among  educational 
tools.  The  multiplicity  of  its  unsettled  points  causes  it 
to  make  constant  calls  on  the  imagination,  and  so  to  fill 
a  comer  hitherto  imoocupied  in  the  educational  programme ; 
for  the  resiilts  of  Mathematics  are  too  certain,  and  those  of 
Classics  too  stereotyped,  to  leave  much  scope  for  imagina- 
tive ingenuity.  In  short,  let  us  have  Mathematics  with 
its  severe  logic  to  develop  our  reasoning  faculty,  litera- 
ture and  Art  with  their  elegancies  to  form  our  taste,  and 
Natural  Science  with  its  vexed  questions  and  unsettled 
problems  to  stimulate  and  at  the  same  time  guide  our 
imagination,*  and  we  shall  have  a  curri«ulum  with  every 
requisite  for  developing  the  intellect  all  round,  and  pro- 
ducing that  highest  resiilt  of  ciilture,  a  many-sided 
mind. 

A  work  like  this  afPords  little  scope  for  originality,  and 
I  doubt  whether  there  is  in  the  book  a  single  thing  from 
beginning  to  end  that  can  be  said  to  be  new.  I  have  borrowed 
right  and  left ;  in  many  cases  my  obligations  are  so  obvious, 
that  it  would  have  been  unnecessarily  burdening  the  pages 
with  references  to  have  acknowledged  the  sources  of  my 
information  ;  in  fact  I  have  as  a  rule  given  references  only 
in  those  cases  where  I  wished  the  student  to  go  more  fully 
into  the  subject  than  I  had  room  for.  But  whether  I  have 
recognised  my  debt  or  not,  I  beg  to  offer  my  best  thanks  to 
those  numerous  brethren  of  the  hammer  of  whose  labours 
I  have  availed  myself  without  scruple  and  without  stint. 

I  must  also  content  myself  with  a  general  acknowledg- 
ment of  the  not  inconsiderable  help  I  have  received  from 

*  I  would  not  he  understood  to  mean  that  this  is  the  only  fnnction 
of  the  stndy  of  Katural  Science,  or  this  the  only  way  in  which  the 
imagination  may  be  awakened. 
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piiTate  Bonroes ;  but  I  oaxmot  forbear  offering  m j  special 
ihazikB  to  my  father  for  his  aairiiitanee  in  the  revision  of  the 
pvoofiB,  and  to  my  friend  Mr.  L.  0.  Miall  for  a  similar  service, 
as  well  as  for  a  host  of  suggestions  which  have  had  the 
effect  of  materially  adding  to  any  value  the  book  may 
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^1 ''HOUGH  it  may  seem  ungrateful  to  those  who  have  done 
me  the  honour  to  be  readers  of  my  book,  I  must  confess 
that  the  somewhat  rapid  sale  of  its  first  impression  has  not 
been  a  source  of  unmixed  satisfaction  to  me.  I  woiild  gladly 
have  tried  to  correct  the  many  deficiencies  which  expe- 
rience has  proved  it  to  possess,  but  ihe  pressure  of  other 
engagements  has  left  me  time  to  do  no  more  than  put 
right  a  few  obvious  slips  and  make  a  few  small  additions. 
Most  of  these  corrections  have  been  suggested  by  friends, 
or  by  readers  who,  though  they  are  personally  unknown 
to  me,  I  venture  to  reckon  among  my  friends  on  account 
of  the  kindly  interest  they  have  shown  in  my  work. 

A.  H.  G. 


LiXDt,  JUvemb^r  15,  1876.- 
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CHAPTER  I. 

Tff:E  AIM  AND  SCOPE  OF  GEOLOQTy  WITH  A  8KETCE  OF 

ITS  MISE  AND  FEOGRESS, 

"  Signaler  lea  efforta  par  lesqnels  ont  M  gniduellement  conquises  lea 
idfee  th^riques  que  nous  possldona  aujourd'hiii  n'eat  paa  seulement  un 
JQflte  honunage  rendu  k  ceux  qui  ont  6claire  la  acience  par  leura 
tnraux :  c'est  ausai  uu  avertisaement  aalutaire  contro  lea  illuaiona 
sp^ulativea."  Daubrkk. 

E  thing  aimed  at  first  of  all  by  Geology  was  to  find 
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out  what  the  earth,  on  which  we  live,  is  made  of.  It  is 
probable  that  the  earliest  cultivators  of  the  science  did  not 
set  themselves  to  do  any  more  than  this,  and  that  the  only 
objects  they  had  in  view  were,  the  examination  of  the 
materials  out  of  which  the  solid  framework  of  the  earth  is 
built  up,  and  the  determination  of  their  chemical  compo- 
sition, physical  properties,  manner  of  occurrence,  and  other 
characteristics.  Ij^e  these  pioneers  had  from  time  to 
time — indeed  men  of  their  acuteness  could  scarcely  fail  to 
have — glimpses,  from  the  outskirts  where  they  were  labour- 
ing, of  the  wide  geological  domain  that  lay  beyond ;  but 
for  a  long  lapse  of  time  the  attempts  to  push  onward  into  it 
were  few  and  desultory.* 

Geology  then  began,  as  all  sciences  must  begin,  by  being 
a  bare  record  of  observed  facts.  But  Geology  coidd  not, 
any  more  than  other  sciences,  stop  here.  Some  of  the 
inferences  to  be  drawn  from  these  facts  stare  us  in  the  face  so 
palpably  that  they  could  not  long  escape  notice.  Among  the 
facts,  which  in  this  way  told  their  own  story,  one  of  the 
most  obvious  and  the  first  to  attract  attention  was  the 
occurrence  in  the  heart  of  solid  rocks,  and  at  spots  far 
inland  and  high  above  the  sea  level,  of  what  were  un- 
doubtedly the  remains  of  marine  animals.  Two  most 
important  inferences  followed  from  this :  1st,  the  rocks 

*  See  Lyell,  Principles,  vol.  i.  causes  that  hindered  the  advance 
chap,  iii.,  for  an  account  of  the      of  G^logy. 
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could  not  always  have  been  there,  bnt  must  have  aocomu- 
lated  round  the  remains  they  now  enclose ;  and,  2ndly,  the 
arrangement  of  land  and  sea  must  have  once  been  dif- 
ferent from  what  it  is  now.  In  this  way  men  came  to 
learn  that  the  earth  had  not  sprung  into  being  exactly'as 
we  have  it  now,  but  that  changes  had  passed  orer  it  ttom 
time  to  time ;  and  then  there  arose  a  further  branch  of 
Geology,  which  had  for  its  object  to  determine  what  these 
changes  had  been^  and  how  they  had  been  brought  about. 

The  doctrine  that  the  earth  had  been  subject  to  change, 
which  constitutes  the  very  marrow  of  Geology,  was  established 
in  the  maimer  just  described  at  least  as  far  back  as  the  days 
of  Pythagoras,  but  it  was  long  before  the  science  made  any 
advance  beyond  this  and  a  few  elementaiy  truths  of  a  like 
nature.  The  attempts  made  to  ^ve  any  rational  explana- 
tion of  the  way  in  which  the  changes  had  been  effected 
were  only  partly  true,  or  were  wholly  erroneous.  Some 
geologists  failed  on  account  of  limited  experience ;  they 
looked  upon  the  trfujt  they  wore  acquainted  with  as  a  type 
of  the  whole  globe,  and  their  exi)lanation8,  though  well 
suited  to  local  instances,  were  not  of  general  appUeation. 
Others  were  hampered  by  i)reeonceived  notions  that  geo- 
logical changes  had  been  produced  all  at  the  same  time, 
and  all  by  the  same  cause ;  Noah's  Deluge,  for  instance, 
was  a  favourite  resource  with  this  school,  and  ^was  credited 
with  far  more  important  results  than  it  could  possibly  have 
effected,  even  if  the  popular  notion  of  it  were  correct.  A 
third  class,  the  most  mischievous  of  all,  *'took  not  their 
material  from  Nature,  but  spun  it  out  of  themselves ; " 
they  discarded  observation  altogether,  and  amused  them- 
selves with  weaving  ingenious  conceits  as  to  how  the  earth 
might  have  been  brought  into  its  present  shape ;  and,  when 
they  found  themselves  in  a  difficulty,  did  not  hesitate  to 
call  in  to  their  aid  agencies  the  like  of  which  had  never 
either  been  seen  or  hoard  of,  and  the  like  of  which,  as  far 
as  our  knowledge  of  the  economy  of  Nature  goes,  could 
never  have  been  in  operation.  The  wild  dreamy  si)ecu- 
lations  of  this  school,  with  their  convulsions,  cataclysms, 
inundations,  collisions  with  comets*  tails,  and  other  fanciful 
occurrences,  read  like  a  translation  of  a  Scandina\dan  saga 
without  the  life  of  the  original,  and  it  is  really  hard  to 
believe  that  they  could  ever  have  been  seriously  i)ut  for- 
ward by  men  calling  themselves  scientific  students.  Among 
the  other  causes  which  hindered  the  progress  of  the  science, 
we   may   specially  mention   a   di*eary  controversy,  which 
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dragged  its  slow  length  along  over  more  than  a  century, 
as  to  whether  the  things  in  the  rocks,  which  appeared  to 
be  organic  remains,  ever  had  belonged  to  living  animals, 
and  were  not  rather  counterfeits,  moulded  by  N'ature  in 
some  elfish  mood  purposely  to  lead  mankind  astray.  It  ia 
scarcely  believable  that  so  impudent  a  notion  could  ever 
have  found  supporters ;  but  it  did,  and  no  lack  of  them 
either. 

The  early  history  of  Geology  then  consists  of  a  record 
of  one  long  string  of  failures,  but  the  study  of  these  will 
be  by  no  means  barren  of  results,  if  we  look  at  them  from 
the  rifi^ht  point  of  view.  When  we  see  men  of  unques- 
tionable power  going  on  for  centuries  missing  the  mark, 
the  only  conclusion  we  can  come  to  is  that  there  was 
something  radically  wrong  in  the  way  in  which  they  went 
to  work.  And  it  is  easy  enough  to  see  what  it  was  that 
was  wrong  in  their  method.  If  we  want  to  learn  how  a 
piece  of  furniture,  a  pair  of  shoes,  or  a  coat  is  made,  we 
don't  sit  down  and  waste  our  time  in  barren  guesses  and 
random  shots,  but  we  go  to  the  cabinet-maker,  the  shoe- 
maker, or  the  tailor,  and  watch  them  at  their  work.  Nor 
will  one  visit  be  enough ;  if  we  wish  really  to  get  to  the 
bottom  of  the  matter,  we  must  go  again  and  again,  till  we 
have  made  ourselves  masters  of  every  step  in  the  process 
of  manufacture.  Just  so,  if  we  want  to  learn  how  any 
natural  product  arose,  we  must  haunt  the  workshop  of 
Nature,  till,  by  long  and  repeated  study,  we  wring  &om 
her  the  secrets  of  her  trade,  and  gain  an  insight  into  every 
step  of  her  complicated  and  manifold  operations.  Now 
this  is  just  what  the  earlier  geologists  did  not  do.  Some 
observed,  but  did  not  observe  enough ;  others  shirked 
altogether  the  labour  of  observation,  and  tried  to  supply 
its  place  by  speculations,  which  had  nothing  but  imagina- 
tion to  rest  upon. 

Practically,  in  spite  of  some  advances  every  now  and 
then  in  the  right  direction.  Geology  continued  in  this  un- 
satisfactory state  down  to  the  end  of  tlie  last  century. 
Then  there  came  on  the  stage  Hutton,  the  kind  of  man  the 
science  had  so  lone  been  in  need  of,  and  by  his  teaching 
geologists  were  at  last  started  on  the  only  path  that  coidd 
possibly  lead  them  to  truth.  He  pointed  out,  in  words 
that  could  not  be  misunderstood,  that,  if  we  want  to  know 
what  has  happened  on  tlie  earth  in  bygone  times,  we  must 
begin  by  learning  what  is  going  on  there  now.  He  drove 
out  once  and  for  ever  the  imaginary  agencies,  which  the 


4  aEOLOGY. 

earlier  geologists  had  been  so  readj  to  have  recourse  to ; 
and  laid  down  the  principle,  that  in  geological  speculation 
''  no  powers  are  to  be  employed  that  are  not  natural  to  the 
globe,  no  actions  to  be  admitted  of  except  those  of  which 
we  know  the  principle,  and  no  extraordmary  events  to  bo 
alleged  in  order  to  explain  a  common  appearance."* 
Following  out  this  principle,  he  said  something  like  this : 
You  have  here  a  rock,  and  you  want  to  know  how  it  was 
formed.  Well,  what  you  must  do,  is  this.  You  must  go 
and  search  whether  there  is  anything  now  in  the  course  of 
formation  which  is  either  identical  with  that  rock  or  could 
be  made  identical  with  it  by  processes  which  we  know 
Nature  is  capable  of  employing.  When  you  find  such  a 
substance,  learn  what  are  the  agents  that  are  forming  it. 
It  will  then  strike  you  irresistibly  that  it  is  far  more  l^ely 
that  your  rock  has  been  formed  by  agencies  similar  to 
those  which  are  now  producing  a  substance  that  cannot  be 
distinguished  from  it,  than  that  it  was  made  by  some 
imaginary,  \mheard-of,  and  improbable  process.  And 
Hutton  laboured  successfully  to  show  that  the  forces  now 
in  action  are  fully  competent  to  form  rocks,  and  to  bring 
about  a  largo  portion  of  the  changes,  which  we  learn  from 
Geology  must  have  passed  over  the  earth's  surface.  Here 
lie  stopped,  confining  himself  to  that  portion  of  the  earth's 
lifetime  during  which  her  physical  condition  has  been 
similar  to  what  it  is  at  present ;  it  is  somewhat  doubtful 
whether  he  even  realisea  the  probability  of  there  having 
been  a  time  when  the  earth  was  in  a  very  different  state 
from  now ;  but,  if  he  did,  he  declined  to  concern  himself 
with  the  events  and  operations  of  such  a  period.  It  can- 
not be  denied,  then,  that  Hutton  took  rather  a  narrow  view 
of  the  scope  of  Geology ;  but  in  the  portion  to  which  he 
applied  himself  he  may  fairly  be  looked  upon  as  the  veri- 
table father  of  the  science ;  and  since  the  historj'  of  tho 
earth  as  it  is  must  be  mastered  before  we  can  go  on  to  un- 
ravel the  history  of  the  earth  as  it  was  before  the  present 
state  of  things  was  established,  we  may  go  further  and 
call  him  the  founder  of  Geology  as  a  whole. 

Hutton,  like  most  great  men,  was  in  advance  of  his  age ; 
his  teaching  fell  dead  f  till  it  was  revived  and  illustrated 

•  Theory    of   the    Earth,    ii.  to  the  geoloprist  of  to-day :   "  The 

647.  theory  of  Hutton  has  gradually 

t  How  completely  this  was  the  sunk  into  disrepute  in  proportion 

case  may  be  seen  from  the  follow-  as  geological  facts  and  observa- 

ing  passage,  which  sounds  strange  tion  have  been  more  multiplied 
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by  LyeU ;  but  it  is  now  universally  recognised  as  the  prin- 
ciple on  which  we  must  base  all  speculations  relating  to 
that  part  of  the  science  of  which  he  treated. 

Hutton  occupied  himself  mainly  in  studying  the  changes 
that  are  now  taking  place  on  the  earth's  surface,  and  the 
means  by  which  they  are  being  brought  about,  and  in 
demonstrating  that  the  changes  that  had  happened  during 
past  periods  of  the  earth's  history  were  of  the  same  kind 
and  due  to  the  same  causes  as  those  now  going  on.  He 
could  not  fail  to  realise  clearly  the  fact,  known  before  his 
day,  that  rocks  were  not  all  of  the  same  age,  and  he 
describes*  with  rugged  eloquence  observations  which 
showed  him  that  some  of  the  older  rocks  had  been  displaced 
from  their  original  position  and  had  suffered  wear  and  tear 
before  rocks  of  later  date  had  been  laid  down  upon  them. 
But  he  did  not  go  beyond  these  broad  general  facts,  nor 
attempt  to  determine  with  any  detail  the  order  in  which 
rocks  had  been  formed.  The  first  steps  in  this  direction, 
sufficiently  systematic  to  call  for  notice  here,  were  made, 
about  the  same  time,  by  two  contemporaries  of  Hutton, 
Werner  and  William  Smith. 

The  former  showed  that  the  rocks  of  the  part  of  Germemy 
which  he  examined  could  be  divided  into  certain  groups, 
and  that  these  groups  came  on,  one  over  the  other,  in  an 
order  of  succession  which  was  everywhere  the  same.  Thus 
if  we  call  these  consecutive  groups  a,  J,  and  <;,  and  note  in 
one  place  that  a  is  the  undermost,  b  the  middle,  and  c  the 
uppermost  of  the  three,  we  shall  find  these  groups  in  the 
sam.e  relative  position  with  regard  to  each  other  wherever 
we  meet  with  them ;  b  will  never  be  below  a  or  above  c. 
The  same  law  holds  good  throughout  the  whole  series  of 
groups.  Some  members  may  be  wanting  in  places,  but 
this  will  not  affect  the  place  in  the  series  of  the  rest ;  thus, 
if  i  be  absent,  c  will  rest  on  a,  never  a  on  c.  Some  of 
Werner's  subdivisions  agree  pretty  nearly  with  those  of 
modem  geologists ;  others  have  been  long  ago  discarded, 
because  they  were  established  on  the  strength  of  erroneous 
theories  as  to  the  way  in  which  the  rocks  composing  them 
had  been  formed.  These  theories  were  of  the  wildest 
description,  wholly  unsupported  by  observation  or  analogy, 

and  esctensive ;  and  it  is  not  im-  powerful      opposition." — Wbst- 

pvobable  bat  even  the  beautiful  garth    Fokstbk,   Seeiion   of  the 

theory  of  Werner  may  share  a  Strata  (1821),  p.  163. 

amilar  fisLte,  as  some  parts  of  it  *  Theory  of  the  Earth,  vol.  i. 

bare  met  with  considerable  and  chap  vi. 
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and,  as  they  were  put  forward  with  a  zeal  and  enersy 
which  gave  their  author  great  influence  over  his  pupiS, 
they  contributed  no  little  to  hinder  the  progress  of  Geology. 
Still  it  was  a  great  step  gained  to  have  established  the  fact 
of  the  existence  of  an  invariable  order  of  succession  in  the 
rocks. 

While  Werner  was  pursuing  his  investigations  in  Ger- 
many, William  Smith  was  patiently  at  work  amon^  the 
rocks  of  England,  paying  special  attention  to  the  fosail 
remains  of  plants  and  animals  which  they  contained.  He 
found  that  the  law  which  Werner  had  established  for  the 
succession  of  rock  groups  in  Germany  was  equally  true  for 
those  of  this  country ;  they  were  laid  one  upon  the  other  in 
an  order  which  was  everywhere  the  same.  His  study  of 
fossils  enabled  him  to  establish  a  further  law  of  the  great- 
est importance.  He  discovered  that  each  rock  g^up  con- 
tained a  number  of  fossils  different  from  those  in  any  other 
group,  and  that  by  means  of  these  fossils  it  could  be  recog- 
nised and  its  place  in  the  series  determined,  in  cases  where 
this  could  not  be  accomplished  in  any  other  way.  Thus,  sup- 
pose that  we  determine  at  any  one  spot  the  order  in  which 
the  throe  groups,  a,  J,  and  c  occur,  and  note  and  record  the 
fossils  found  in  h;  further,  that  at  another  spot  we  find 
rocks  containing  the  same  fossils  as  J,  but  cannot  see  what 
is  below  or  above  them ;  then,  on  the  strength  alone  of  tho 
similarity  of  the  fossil  contents  of  the  two  rock  groups,  we 
may  safely  assert  that  these  problematical  rocks  belong  to 
the  h  gn)up.  and  that  below  them  there  is  either  a  or  some- 
tiling  lower  in  the  series,  and  above  them  either  c  or  some- 
thing liigher. 

Frt>m  the  first  of  the  two  laws  just  mentioned  it  was  an 
tnisy  stop  to  show,  as  wo  shall  see  shortly,  that  the  place  of 
onoli  nx'k  gTi>up  in  the  series  gave  the  relative  date  of  its 
ff>rnmtion.  tluit  tlio  lowest  was  the  oldest,  the  one  above 
oam«»  next  in  |x>int  of  time,  and  so  on.  From  the  second 
law  wo  loam  that  tho  changes  which  had  passed  over  the 
iMirtli  liad  not  bot^i  i\nifinod  to  the  inorganic  portion  of  it, 
Imt  \\i\{\  atFootiHl  its  living  inhabitants  as  well ;  that  each 
iM^riod  of  its  past  history  had  had  its  own  i>eculiar  forms  of 
lifts  and  that  tlioso  hud  irom  time  to  time  died  out  and 
Immmi  n^plaiHHl  by  now  forms. 

*rhiM»  thon*  anK»»o  a  further  branch  of  Geology,  which  had 
for  itM  objootM  to  dotormino  not  nieroly  what  changes  had 
)u)p|mmhm(  fonnorly  on  tho  oarth  and  how  they  had  been 
bhiui;lit  alumt^  hut  al^  tMf  t^^  fn  vhich  they  kid  occurred; 
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and  furtlier,  to  describe  the  different  living  forms  wHch 
Lad  peopled  the  globe  in  former  ages. 

These  then  seem  to  have  been  the  main  steps  in  the 
progress  of  Geology.  It  began  merely  with  the  view  of 
making  out  what  the  earth  was  made  of — with  being  merely 
a  science  of  description  and  classification.  Then  in  the 
pursuit  of  this  study  facts  came  out  which  told  a  story  of 
former  changes  that  had  passed  over  the  world,  and  geo- 
logists set  to  work  to  discover  what  these  changes  had 
been,  and  how  they  had  been  caused.  Lastly,  it  was  found 
possible  to  determine  the  order  in  which  past  changes  had 
occurred,  and  the  modifications  in  the  forms  of  life  by  which 
they  had  been  accompanied.  The  methods  employed  for 
these  ends  advanced  Geology  to  the  place  of  an  inductive 
science,  and  their  results  enlarged  its  scope  and  gave  rise 
to  what  may  be  called  its  historical  branch. 

Thus  there  arose  two  main  subdivisions  of  the  science, 
which  may  be  called  Descriptive  and  Historical  Geology ; 
and  these  it  is  still  convenient  to  retain.  One  object  in 
giving  the  preceding  sketch  of  the  progress  of  the  science 
has  been  to  show  that  these  are  not  mere  arbitrary  or  even 
convenient  divisions,  but  grew  up  with  the  growth  of 
Gheology  itseK. 

We  have  already  mentioned  that,  even  in  its  early  or 
descriptive  stage,  many  of  the  cultivators  of  Geology  had 
foretastes  of  what  it  would  afterwards  grow  to ;  but  the 
labours  of  Hutton  and  Smith,  specially  those  of  the  former, 
may  be  said  to  have  raised  Geology,  practically  at  one 
step,  from  a  bare  record  of  observations  to  the  dignity 
of  an  inductive  science.  Since  their  time  it  has  grown 
apace,  and  no  science  can  boast  of  a  more  rapid  develop- 
ment.* 

The  student  will  do  well  to  mark  that  the  great  advance 
made  by  Hutton  and  Smith  was  won  by  systematic  hard 
work  in  the  field ;  and  he  must  bear  in  mind  that  no 
farther  progress  can  be  made  except  in  the  same  way : 
what  may  be  called  laboratory  work,  indispensable  as  it  is, 
avails  little  or  nothing  in  Geology,  unless  it  rest  on  the  firm 
basis  of  field  investigation.      Observations  made  out  oi 


•  For  more  particulars  as  to 
the  history  of  Geology,  see  Lyell's 
Principles,  vol.  i.  chaps,  ii. — v. ; 
Phillips,  Manual  of  Geology, 
diap.  i. ;  Conybeare  and  Phillips, 
CMogj  of  England  and  Wales, 


Introduction.  Carl  Vogt,  Lehi* 
buch  der  Geologie  und  Petrefao 
tenkunde,  vol.  ii.  682 — 747. 
Daubrce,  Etudes  sur  le  M6tamor- 
phisme.  M6moires  presentes  k 
r  Academic  des  Sciences,  tome  xvii. 
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doon  need  to  be  f oUofwed  up  br  indoor  work,  if  we  are  to 
interpret  them  aright,  but  Qeology  is  fondamentallj  an 
open-air  etudj. 

Before  going  further,  it  will  be  well  to  inquire  how 
much  of  uie  earth  lies  sufBlciently  within  our  ken  to  be 
properly  the  subject  of  ffeologioal  investigation.  Sea  and 
river  cliffs,  the  beds  of  brooks,  quarries,  railway  cuttings, 
and  other  artificial  openings,  show  us  what  is  found  to  a 
small  depth  below  the  surface,  and  mines  enable  us  to  feel 
our  way  a  little  lower  down  stiU ;  but  the  portion  of  the 
earth's  mass  that  we  can  examine  by  these  aids  alone,  is 
evidently  very  small  indeed. 

We  can,  however,  from  observations  made  at  or  near  the 
surface,  infer,  with  a  very  hip^h  degree  of  probabilify,  what 
the  composition  of  the  earth  is  at  depths  far  exceeding  that 
of  the  deepest  mine.  » 

Suppose,  for  instance,  that  we  had  proved,  say  by  the 
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Fig.  1. 

mine  shafts  ABC,  the  presence  of  the  three  groups  of 
rocks  marked  a  h  c,  in  Fig.  1,  and  had  found  them  always 
to  como  on  one  over  the  other  in  the  same  order,  and  to 
J^eep  a  regular  thickness  over  a  considerable  area;  it  is 
highly  probable  that  these  rocks,  when  beyond  C  they 
pass  out  of  our  sight,  wiU  preserve  the  same  order  and 
thickness  in  their  underground  course.  Assuming  this  to 
be  the  case,  a  very  simple  calculation  will  give  us  the 
depth  of  any  one  nroup  at  a  point  E^  and  wo  can  thus 
form  a  very  probable  conjecture  as  to  the  composition  of 
the  earth  at  a  point  such  as  E  far  below  the  bottom  even 
of  the  deepest  mine.  In  this  way  Van  Deoken  has  foimd 
that  in  parts  of  the  Coal-basin  of  Saarbrucken  the  cha- 
racter of  the  rocks  may  be  determined  to  a  depth  of  more 
than  three  miles  below  the  surface.  In  reasoning  on  a 
case  of  this  sort  we  shoidd  feel  still  more  confident  in  our 
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oondnsion  if  we  foimd,  as  we  often  do  find,  the  same'^ 
groups  of  rocks  reappearing  in  the  same  order  from  below, 
as  in  the  shafts  at  F  and  O ;  and  we  should  then  have 
little  hesitation  in  showing  their  underground  course  by 
some  such  lines  as  the  dotted  ones  in  the  fig^ure.  We 
should  be  able  to  determine  with  more  accuracy  the  shape 
of  these  underground  continuations  if  we  could  observe  m 
the  intermediate  eround  higher  rocks,  such  as  d  efj  and 
^,  and  determine  now  they  are  lying.  Thus,  as  Playfair 
remarks,  "  men  can  see  much  further  into  the  interior  of 
the  globe  than  they  are  aware  of,  and  geologists  are  re- 
proached without  reason  for  forming  theories  of  the  earth, 
when  all  they  can  do  is  but  to  make  a  few  scratches  on  the 
surface."* 

8till,  when  we  have  pushed  our  investigations  to  the 
flfreatest  depth,  that  either  direct  observations,  or  reason- 
mg  that  flows  immediately  from  them,  enable  us  to  reach, 
we  shall  have  made  ourselves  acquainted  with  no  more 
than  an  outside  shell  or  rind,  not  more  than  a  few  miles  at 
the  most  in  thickness. 

This  shell,  because  it  is  so  thin,  is  called  the  crust  of  the 
earth,  and  with  it  Geology  is  first  of  all  of  necessity  con- 
cerned. 

But  Geology  need  not  stop  here.  When  we  have 
gathered  some  knowledge  of  the  crust  of  the  earth,  we 
are  naturally  led  on  to  make  this  knowledge  a  basis  for 
speculations  about  the  nature  of  those  inaccessible  regions 
which  lie  below  the  crust.  And  when  we  have  got  together 
something  like  a  history  of  the  formation  of  the  earth's 
crust,  we  are  prompted  to  inquire  whether  there  ever  was 
a  time  when  our  planet  was  without  a  crust,  what  was  its 
condition  at  that  time,  and  how  it  passed  from  that  condi- 
tion into  its  present  state. 

We  shall  see  presently  that  as  long  as  Geology  confines 
itself  to  the  crust  of  the  earth,  it  is  dealing  with  something 
corresponding  to  written  records  in  history,  and  that  the 
story  these  tell,  is  so  clear  and  unmistakable  that  many  of 
its  conclusions  are  as  certain  as  those  of  any  other  of  the 
natural  sciences ;  but  that,  when  it  comes  to  treat  of  the 
inaccessible  interior,  or  the  history  of  the  earth  before  it 
assumed  its  present  state,  there  is  nothing  of  the  nature  of 
&  written  record  to  guide  its  speculations,  it  has  to  lean 
mainly  on  a  scientific  use  of  the  imagination,  with  little  or 

•  Works  (ed.  1822),  vol.  L  p.  244. 
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no  check  from  actual  evidence,  and  its  conclusions  conse- 
quently cannot  rise  above  the  rank  of  probabilities. 

Some  geolog^ists  would  limit  GFeology  entirely  to  a  study 
of  the  earth's  crust,  others  take  the  wider  view  of  its 
scope  just  given.* 

It  will  be  seen  that  even  in  the  more  speculative  parts 
of  Geology  we  do  not  indulge  in  mere  conjecture,  but 
work  persistently  back  from  the  seen  and  known  to  the 
unseen  and  unknown.  We  do  not  try  to  form  any  idea 
about  the  probable  constitution  of  'the  invisible  interior, 
till  we  have  made  ourselves  acquainted  with  the  visible 
outside  crust ;  and  we  do  not  theorise  about  that  part  of 
the  earth's  history  of  which  no  tangible  record  is  left,  till 
we  have  diligently  studied  those  later  epochs  of  which 
some  sort  of  written  account  has  come  down  to  us. 

*  See  Professor  Huxley's  An-  terly  Journal,  voL  xxv. ;  and 
niversary  Address  to  the  G^lo-  G^Iogical  Magazine^  voL  vi.  p» 
gical  Society  of  London.    Quar-      276. 


CHAPTER  n. 


DESCRIPTIVE  GEOLOGY. 


"  In  the  comer  of  the  hall  stood  a  hox  of  stones.    Manj 
pretty  eye-catching  things  were  among  them." 

WiLHELM   MbI8T«1*S  TrATSLA. 


SECTION  I.— GENERAL  RESULTS  ARRIVED  AT  BY  A 
LITHOLOGICAL  EXAMINATION  OF  ROCKS.* 

Vjkltl  showed  in  the  last  chapter  how,  with  the  growth  of 
* »    Geology,  there  sprang  up  two  main  subdivisions  of 
the  science,  to  which  the  names  of  Descriptive  and  Histori- 
cal Geology  may  be  given. 

DescriptiTe  Geology  or  Petrography. — The  first  of 
these,  which  corresponds  nearly  with  Petrography,  merely 
tells  us  what  that  part  of  the  earth  which  is  open  to  inves- 
tigation, is  made  of ;  and  is  nothing  more  than  a  descrip- 
tioii  and  classification  of  the  substances  that  make  up  the 
earth's  crust. 

Sistorical  Geology  or  Geogenie. — But  as  men  passed 
from  examining,  dissecting,  and  analyzing  specimens  of 
locks  indoors,  to  the  larger  views  which  an  outdoor  study 
of  those  rocks  on  a  large  scale  affords,  they  came  to  see 
that  there  was  every  reason  to  believe  that  the  crust  of  the 
earth  had  not  been  always  such  as  it  is  now,  but  that 
different  parts  of  it  had  been  built  up  at  different  times 
and  in  different  ways  out  of  pre-existing  materials.  Hence 


•  This  chapter  consists  of  a 
of  dry  details,  which,  for 
osderlj  arrangement,  it  was  ne- 
cemarj  to  place  together,  hut 
vhich  the  student  will  find  it 
tedsons  to  master  and  hard  to 
carry  in  his  head.  He  may,  on 
r,  confine  himself  to 


sects.  1  and  2,  the  descriptions  of 
Quartz,  PotaHh- Felspar,  Mica,  and 
Carhonate  of  Lime  m  sect.  3,  and 
sects.  4,  6,  and  7.  This  much  will 
carry  him  through  chaps,  iii.  ir. 
and  V.  Before  reading  chap.  ri. 
he  hhould  go  through  the  omitted 
parts  of  the  present  chapter. 
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arose  a  second  great  Bubdivision  of  the  science,  which 
aims  at  answering  the  questions  about  the  origin  of  rocks 
which  extended  study  suggests.  This  branch  of  Geology, 
which  is  pretty  mudi  the  same  as  the  Gheogenie  of  the 
Q^rmans,  strives  to  determine  first  of  all  how  the  different 
members  of  the  earth's  crust  were  formed ;  secondly,  the 
order  in  which  they  were  formed,  and  the  changes  in  life 
and  other  events  which  accompanied  their  formation  ;  and, 
thirdly,  tries  to  feel  its  way  back  to  those  dark  and  distant 
ages,  when  the  present  crust  of  the  earth  had  not  yet 
come  into  existence,  and  to  form  reasonable  conjectures  as 
to  what  the  earth  was  like  under  these  conditions,  and  as 
to  the  steps  it  passed  through  in  its  progress  from  them  to 
its  present  state.  Under  uiis  subcuyision  we  shall  also 
have  to  inquire  into  the  methdds  by  which  the  rocks  have 
been  brought  into  the  positions  in  which  we  now  find  them, 
and  the  way  in  which  the  surface  of  the  ground  has  had 
its  present  shape  g^ven  to  it. 

We  will  in  this  chapter  treat  of  so  much  of  the  descrip- 
tive part  of  Geology  as  it  seems  desirable  to  keep  apart 
from  its  historical  element. 

Snbdiyisioiis  of  DescriptiTe  Geology. — Descriptive 
Geology  consists  of  two  parts,  which  may  be  called 
lithology  (Xi'^o?,*  a  stone),  and  Petrology  (ircrpa,  rock). 

Xdthology. — Lithology  describes  the  results  which 
would  be  arrived  at  by  a  man  who  sat  indoors  in  his 
laboratory,  and  examined  small  hand-specimens  of  different 
kinds  of  rock  brought  to  him. 

Petrology. — Petrology  tells  us  what  additional  infor- 
mation we  gain  when  we  go  out  of  doors  and  examine 
large  masses  of  rock  in  the  field. 

The  first  of  these  gives  us  accurate  information  as  to 
the  composition  and  minute  structure  of  rocks,  but  alone 
it  does  little  or  nothing  towards  explaining  how  they  came 
into  existence  ;  indeed  it  is  doubtful  whether  purely  litho- 
logical  studios  would  even  suggest  the  idea  of  rocks  ever 
having  been  in  any  way  different  from  what  they  are  now, 
and  give  rise  to  questions  about  their  origin.  Petrology, 
however,  though  it  belongs  in  part  to  Descriptive  Geology, 
lands  us  on  the  threshold  of  the  Historical  subdivision. 
The  facts  learned  from  it,  many  of  them  such  as  no 
amount  of  indoor  examination  of  hand-specimens  would 
ever  have  taught  us,  are  decidedly  suggestive  of  the  notion 
that  rocks  have  not  always  been  such  as  we  see  them  now, 
but  have  been  produced  at  various  times  by  various  causes; 
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and  it  is  mainly  from  a  knowledge  of  these  facts  that  our 
speculations  as  to  the  probable  methods  by  which  the 
Tocks  have  been  formed,  take  their  rise. 

What  we  have  to  say  under  the  head  of  lithology 
win,  perhaps,  be  better  understood  if  we  first  take  one 
or  two  actual  instances  of  the  lithological  examination  of 
rocks. 

bstaaeas  of  the  Uthologieal  BramiBation,  of 
Soeks. — ^We  have  here  a  bit  of  the  rock  called  (Granite, 
and  have  formed  a  dean-cut  face  upon  it  with  the  hammer. 
A  reiy  little  care  will  show  that  the  rock  is  made  up 
of  different  substances,  three  of  which  we  soon  learn  to 
dsh  and  recognise.  One  is  of  a  dull  white  or 
colour,  and  it  breaks  readily  along  a  number  of 
smooth  parallel  surfaces,  which  have  a  pearly  lustre ;  the 
second  is  more  like  glass  to  look  at,  and  breaks  with  the 
Mine  uneven  fracture  as  glass ;  the  third  consists  of  thin 
plates  of  a  dark  colour^  with  glistening  faces,  and  can  be 
readily  spUt  parallel  to  these  faces  with  a  knife.  These 
three  substances  go  by  the  names  of  Felspar,  Quartz,  and 
Mica  respectively.  They  are  bound  toge^er  into  a  solid 
ro(^  by  a  cement  or  paste  ;  but  to  make  out  the  nature  of 
this  would  require  more  skill  than  we  are  supposed  at 
present  to  possess. 

Here  again  is  another  rock,  which  we  soon  see  is  com- 
posed of  rounded  grains  of  the  same  substance.  Quartz,  as 
we  found  in  Gbanite  ;  we  touch  it  with  a  little  dilute  acid, 
and  it  effervesces  briskly;  no  such  effervescence  takes 
place  when  we  treat  Granite  in  the  same  way.  In  this 
rock,  then,  we  conclude  that  there  is  something  present  which 
does  not  enter  into  the  composition  of  Granite.  Break  the 
roedmen  open.  There  is  in  it  a  hoUow  space  lined  with 
listening  crystals,  which,  when  touched  with  acid,  effer- 
TQsee  even  more  strongly  than  the  body  of  the  rock  itself, 
and  are  therefore  probably  formed  of  the  other  substance 
which  goes  to  make  up  the  rock.  This  substance  is  not 
unlike  Felspar  at  the  first  glance,  but  we  soon  learn  to 
distinguish  between  them:  try  to  scratch  both  with  the 
point  of  a  knife,  and  Felspar  is  much  the  harder ;  Felspar 
does  not  effervesce  with  acids ;  lastly,  while  Felspar  splits 
readily  in  only  one,  or  at  most  in  two  directions,  this 
nibstance  splits  with  the  greatest  ease  along  three  sets  of 
smooth,  shining  planes,  and  can  be  readily  broken  up  into 
a  number  of  pieces,  each  of  which  has  exactly  the  same 
geometrical  form.  Our  new  acquaintance  is  called  Carbonate 
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of  Lime,  and  the  rock  we  are  examining  consists  of  grains 
of  Quartz  bound  together  by  Carbonate  of  Lime. 

Now  with  regard  to  these  substances,  which  we  have 
found  to  form  the  component  parts  of  the  two  rocks  just 
mentioned,  one  point  is  important  to  notice.  Though  dif- 
ferent parts  of  the  specimen  we  first  handled,  differ  slightly 
from  one  another  in  composition,  some  containing  more 
Felspar  than  anything  else,  and  some  having  a  more  plen- 
tiful supx)ly  of  Mica  than  others,  yet  bits  of  the  three  sub- 
stances of  which  the  rock  is  mcule  up,  possess  the  same 
physical  characters  from  whatever  part  of  the  specimen  we 
pick  them,  and,  if  we  subject  them  to  chemical  analysiB, 
we  shall  find  them  to  be  approximately  invariable  in  oom- 
position. 

The  same  would  be  true  of  the  second  rock  even  to  a 
greater  degree  ;  some  parts  of  the  rock  would  be  richer  in 
Carbonate  of  Lime  than  others,  but  every  one  of  the  bits 
of  clean  Carbonate  of  Lime  that  could  be  separated  would 
be  found  to  be  absolutely  identical  in  every  respect,  no 
matter  what  part  of  the  rock  it  came  from. 

We  have  therefore  found,  in  the  ease  of  the  two  rocks  that 
we  have  been  examining,  that  they  are  composed  of  cer- 
tain chemical  eoiiipounds,  each  of  which  has  always  pretty 
much  the  same  appearance,  breaks  always  in  the  same 
way,  and  keeps  always  the  same  hardness  and  chemical 
composition.* 

Definition  of  a  Mineral. — Suhstances  which  possess  the 
properties  just  mention^dy  are  composed  of  dead  matter ^  and  have 
been  formed  naturally  y  are  called  Minerals. 

There  are  other  rocks  the  constituent  minerals  of  which 
are  not  easily  recognised,  and  others  which  require  veiy 
refined  methods  to  determine  what  they  are  made  of  ;  but 
in  all  cases  rocks  can  be  shown  to  be  made  up  of  one 
or  more  of  those  substances  to  which  the  general  term 
**  mineral  "is  applied.  The  cases  where  largo  rock  masses 
consist  of  only  a  single  mineral  are  very  rare  in  com- 
I)ari8on  with  those  where  several  minerals  are  mixed  to- 
gether to  form  the  rock. 

Definition  of  a  Sock. — After  repeated  examinations 
of  different  kinds  of  rocks,  like  those  just  described,  we 
arrive  at  the  following  definition  of  a  rock. 

Eocks  are  mechanical  mixtures  of  certain  tJiorganic  substances, 

•  It  will  be  shown  presently  thoy  may  be  looked  upon  as 
that  these  siaUmeiita  are  in  correct  enough  for  our  present 
many  cubes  not  strictly  true ;  but      purpose. 
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9Mr9  or  leu  definite  in  character  and  campoeition,  knoum  as 
minerals. 

We  may  here  mention  that  geologists  include  imder  the 
name  Bock  all  the  substances,  hard  and  soft  alike,  which 
go  to  make  up  the  earth's  crust ;  clay  or  loose  sand  are  as 
much  rocks,  in  the  geologicfil  sense  of  the  word,  as  slate 
or  sandstone. 


SECTION  n.— MINERALOGY. 

The  first  thing  which  the  litholog^st  has  to  do  is  to  make 
himjself  acquainted  with  the  minerals  which  enter  into  the 
oompofiition  of  rocks;  and  the  branch  of  Geology  which 
teaches  this  is  called  Mineralogy. 

Vmaber  of  Book-forming  ISinerals. — The  total 
number  of  known  minerals  is  veiy  large  indeed,  but  of 
these  only  a  comparatively  small  number  enter  to  any 
appreciable  extent  into  the  composition  of  the  earth's 
crust,  and  with  these  only  is  it  absolutely  necessary  that 
the  geologist  should  make  himself  acquainted.  Thus 
suppose,  for  instance,  that  we  examined,  in  the  way  just 
described,  a  large  number  of  specimens  of  Granite,  we 
might  find  them  aU  in  the  main  made  up  of  the  three 
minerals  Quartz,  Felspar,  and  Mica ;  but  besides  these 
three  predominating  components,  other  minerals  would  fre- 
quently present  themselves.  In  many  cases,  for  example, 
we  should  detect,  in  addition  to  the  three  minerals  just 
mentioned,  long  needle-shaped  prisms  of  a  black  mineral 
known  as  Schorl.  But  the  presence  of  Schorl  would  not 
prevent  us  from  calling  the  rock  a  Granite,  and  looking 
upon  it  as  allied  to  other  Granites  which  were  free  from 
Schorl,  or  which  contained  other  minerals  in  addition  to  the 
three  normal  constituents.  We  might  use  Granite  in  a 
generic  sense,  and  look  upon  the  scnorlaceous  and  other 
forms  of  the  rock  as  different  species  of  that  genus ;  or, 
what  would  perhaps  be  better,  we  might  consider  these 
last  as  merely  varieties  of  the  species-GTumie. 

Minerals,  such  as  the  Schorl  just  mentioned,  which  are, 
as  it  were,  superadded  to  the  normal  constituents  of  any 
rock,  are  called  accessory  or  adventitious;  the  advanced 
student  will  find  that  a  study  of  them  often  throws  light  on 
the  origin  of  rocks,  but  a  knowledge  of  them  is  not  necessary 
for  the  beginner. 
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Again,  the  metallic  oree,  oooarring  as  they  do  ehiaflj  in 
narrow  veins  and  threads,  cannot  be  looked  upon,  except  in 
some  few  instances,  as  rock-forming  minerals.  The  mas- 
tery of  these  then  the  beginner  may  postpone  till  he  ham 
made  some  advance  in  his  studies. 

Besides  these  two  classes  there  are  a  host  of  minerals 
seldom  met  with,  and  some  so  rare  that  no  one  but  a  mineralo- 
gist, who  has  the  most  extensive  opportunities  of  research, 
has  ever  a  chance  of  even  seeing  them ;  with  these  we  may 
almost  say  that  the  geologist  has  nothing  whatever  to  do ; 
the  beginner  certainly  need  not  trouble  his  head  about 
them. 

When  we  put  aside  the  minerals  which  occur  only  as 
accessory  constituents  of  rocks,  the  metallic  ores,  and  the 
rare  forms,  the  number  remaining  will  not  be  large ;  and 
it  is  of  these  only  that  we  need  treat  in  an  elementaiy 
work.  But  ]>efore  we  can  give  an  aocoimt  of  these  we 
must  describe,  as  far  as  space  will  allow,  the  characters 
most  important  to  note  in  minerals  generally. 

Chemical  Composition  of  Sock-forming  Kinemln. 
— ^First  of  all,  the  chemical  com})06ition  of  minerals  falls 
to  be  considered. 

Chemists  divide  all  bodies  into  two  great  classes :  Com- 
|K)imd  Bodies,  which  it  is  possible  to  split  up  into  two  or 
more  substances,  differing  from  each  other  and  from  the 
compoimd  formed  by  their  union ;  and  Simple  Bodies,  or 
Elements,  which  no  one  has  yet  been  able  so  to  split  up. 

The  latter  are  sixtv-tliree  in  number,  but  of  them  not 
more  than  nineteen,  at  the  outside,  enter  to  any  extent  into 
the  comi>osition  of  the  rocks  of  the  earth's  crust. 

The  names  of  these  nineteen  elements,  and  the  symbols 
used  by  chemists  to  denote  each,  are  given  in  the  table  below. 

The  ten  placed  in  the  first  subdivision  form  by  their  com- 
binations perliaps  as  much  as  977-1000th8  of  the  whole 
crust ;  the  two  in  the  second  subdivision  come  next  in  im- 
Ijortance ;  the  remaining  seven  enter  in  small  quantities 
into  tlie  composition  of  some  cimimon  rock-forming  minerals, 
or  replace  in  small  quantities  the  normal  constituents  of 
these  minerals,  or  are  found  in  rock-forming  minerals  of 
only  local  occurrence. 
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IjI8t  of  ths  Maix  Elsxintart  Gohbtxtuxntb  of  thb  Eabth'b 

Ckust. 


Nim-MetaU, 

Oxygen O. 

Hydrogen   ....  H. 

Silicon 8i. 

Cttbon C. 

Snlplmr S. 

Chlorine      .     .     .    .  CL 


Metak. 

Alnmininm 
Potaamnm  . 
Hodinm 
Calcium 
Magncginm 
Iron       .    . 


AL 
K. 
Na. 

Ca. 

Mg. 

Fe. 


Flaorine 
PhoephoroB 
Boron     .    . 


F. 
P. 
B. 


Uthiom 
Barium  .    . 
Manganese 
Zirconium  . 


Li. 
Ba. 
Mn. 
Zr. 


Of  these  elements  two  only,  Sulphup  and  Carbon,  occur 
simple  or  uncombined,  in  a  state  of  approximate  purity, 
as  rock  masses.  All  tbe  other  elements  are  found  in  com- 
bination, and  the  following  are  the  principal  primaiy  com- 
pounds, which,  either  by  themselves  or  in  a  state  of  further 
combination  with  one  another,  go  to  make  up  the  mass  of 
rock-forming  minerals : — 

1.  Water  (Hydrogen  Monoxide)  H,0.  When  minerals 
contain  water  they  are  said  to  be  JEydrated;  when  they 
are  free  from  water  they  are  described  as  Anhydrous, 

2.  Three  acids : — 

Silica  (Silicon  Dioxide)  SiO,. — ^By  far  the  most  widely 
diffused  of  the  rock-forming  minerals,  nearly  one  quarter  of 
the  crust  of  the  earth  being  composed  of  it.  It  occ^urs  un- 
combiued  as  Quartz,  and  in  combination  in  silicates  to  be 
immediately  noticed. 

Carhonie  Acid  (Carbon  Dioxide)  CO,. 

Sulphuric  Acid  (Hydrogen  Sulphate)  H,SO^. 

3.  Next  we  may  take  iJbe  following  group : — 
Alumina  (Aluminium  Sesquioxide)  A1,0,. 
Potash  (Potassiimi  Monoxide)  JLfi, 

Soda  (Sodium  Monoxide)  Na^O. 

Lime  (Calcium  Monoxide)  CaO. 

Maynesia  (Magnesium  Monoxide)  MgO. 

The  silicates  of  these  substances,  with  small  quantities 
of  Lithium,  Fluorine,  and  Iron  Oxides,  make  up  the 
minerals  which  compose  the  rocks  known  as  Crystalline. 
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The  decomposition  of  some  of  these  xnineraLs  giyee  rise 
to  Hydrated  8ilicates  of  Alumina,  which  mixed  with 
mechanical  impurities  constitute  the  different  foims  of 
clayey  roc^ks. 

The  most  important  lime  compound  is  the  Carbonate 
(CaCOg),  which  forms  the  bulk  of  limestone. 

The  double  Carbonate  of  Lime  and  Magnesia  (CaC0,-4- 
MgCO.)  is  the  main  constituent  of  Magnesian  Limestone  or 
Dolomite. 

Sulphate  of  Lime,  or  Gypsum,  (CaSO^+2H20),  occurs 
as  a  rock,  and  the  Phosphate  (Ca32P04)  is  not  unoommon 
as  an  accessory  mineral  and  in  veins. 

4.  Common  Salt  (Sodium  Chloride),  Nad,  occurs  as  a  rock. 

5.  Com|)ounds  of  Lron.  The  following  are  the  most 
frequent : — 

HamatUe  or  Specular  Iron  Ore  (Iron  Sesquioxide)  FeJO.. 

Brown  Ilamatite  or  Limonite  (Hydrated  Ixou  Sesquioxide), 
2(Fe.03)3(HoO).« 

Magnet tte  or  Loadstone^  "F^Jj^, 

Spathic  Iron  (Ferrous  Carbonate)  FeCOg. 

Silicate  of  Iron,  2(FeO)SiO,. 

All  these  substances,  except  the  last,  occur  now  and  then  in 
suiiiciont  quantity  to  form  rock  masses,  and  Magnetite  enters 
in  small  quantities  into  the  composition  of  many  crystalline 
rocks.  But  the  most  prominent  part  iron  compounds  play 
is  in  furnishing  the  colouring  matters  of  many  roc^ks  : 
generally  the  anhydrous  sesquioxide  gives  rise  to  red  tints 
of  variable  intensity;  the  hydrated  sesquioxide  produces 
colours  ranging  from  yellow  to  brown ;  while  the  carbonate 
confers  a  grey  or  bluish  grey  hue.  Many  variations  in 
tone  are  caused  by  mixtures  of  the  different  iron  com- 
pounds, and  other  colours  are  produced  by  different  amounts 
of  hydration  of  the  sesquioxide.f  Lnpure  Silicate  of  Iron 
is  sometimes  disseminated  through  sandy  rocks  in  sufficient 
quantity  to  give  them  a  green  tinge. 

Iron  PyriteH  (Ferrous  Bisulphide),  FeS,,  is  one  of  the 
commonest  accessory  minerals,  and  sometimes  occurs  in 
quantities  deserving  the  name  of  rock  masses.  It  may  in 
some  cases  have  furnished  by  oxidation  the  colouring 
matter  of  rocks. 

6.  Baryta   (Barium    Monoxide),   BaO,    enters  into  the 

•  For  other  Hydrates  of  Iron,  tion  oflron  in  Variepfated  Strata,** 

BceProf.  Brush,  Silliman*sJoum.,  and  the  papers   refeiTcd   to   by 

2nd  ser.  xliv.,  219.  him.     Quart.  Joum.   Gool.  Soc., 

t  Bee  Maw,  **  On  the  Disposi-  xxiv.  351.     Dawson,  Ibid.,  v.  25. 
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composition  of  ihe  very  common  mineral  Baiytes  or  Sul- 
phate of  Baiyta. 

7.  Zireonia  (Zirconium  Dioxide),  ZiO„  appears  as  & 
Slicate  (Zircon)  in  certain  rocks. 

8.  B<^aeie  Aeid  (Boron  Trioxide),  B,0„  may  be  noticed 
as  a  volcanic  product. 

External  Form  and  bteraal  StmotiiTe  of  Kino- 
rala.— lit.  Cr7«talliiio  Fomu. — The  nextipointe  to  noticb 
about  minerals  are  tlieir  estemol  form  and  internal  atruc- 
tore-  Thej  rery  frequently  occur  in  the  shape  of  regular 
geontetrical  solids,  bounded  by  smooth  shining  faces.  Such 
forms  are  called  CryBtaU,  and  the  study  of  them  CryBtallo- 


graphy- 

The  planes  that  bound  cryst 
the  intersection  of  any  two  faces  is  called  a 


e  called  their  "  faces  "  ; 

the  point  There  three  or  more  edges  meet  is  called  an 
"an^e".  The  solid  angles  formed  by  the  meeting  of 
three  or  more  faces  are  the  solid  angles  of  the  crystal,  and 
the  inclination  of  two  faces  to  one  another  is  called  an 
''  interfacial  angle". 
Let  us  consider  one  or  two  actual  cases  of  Crystalline 

Here  is  a  piece  of  a  mineral  already  mentioned,  Carbonate 


of  Lime  or  Calc  Spar  (Fig.  2,  a).  It  is  a  solid  bounded  by 
smooth,  glistening  faces,  each  of  which  is  a  rhombus,  and 
aU  these  rhombuses  are  of  exactly  the  same  shape,  that  is, 
the  corresponding  angles  are  the  same  for  every  one.  The 
sa^id  is  called  a  Thombobedron.     Knock  a  bit  off  one 
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comer;  it  falls  away  in  the  shape  of  a  rhomliohedzoiii 
smallor  than  the  one  from  which  it  has  been  broken  off, 
but  in  OYCTj  other  respect  exactly  similar  (Figs.  2,  h  and  it 
The  rhombic  faces  of  the  detached  fragment  have  then 
angles  exactly  equal  to  the  corresponding  angles  of  the 
rhombuses  that  bounded  the  original  block,  and  the  oor- 
responding  interfacial  aneles  of  the  two  specimens  are 
exactly  equal.  Further,  tue  bit  we  have  broken  off  can 
itself  be  further  broken  up  into  rhombohedrons  (Fig.  2,  d)^ 
these  again  into  still  smaller  rhombohedrons,  and  in  eveiy 
case  the  shape  of  the  fragments  will  be  identically  that  A 
the  block  we  started  with. 

Cleavage. — This  property  which  the  mineral  has  of 
breaking  more  readily  in  certain  directions  than  in  others, 
and  of  breaking  in  these  directions  with  a  smooth  faoe, 
is  called  Cleavage,  and  the  smooth  faces  thus  obtained 
are  called  Planes  of  Cleavage.  We  might  by  force  make 
Calc  Spar  break  in  other  directions  than  those  of  the 
Cleavage  Planes,  but  the  surfaces  we  should  thus  obtain 
would  bo  no  longer  smooth  and  shining,  but  rough  and  dull. 

But  Calc  Spar  is  found  crj'stallised  not  only  in  the  shape 
of  a  rhombohedron,  but  in  hundreds  of  other  forms  besides. 
One  of  the  commonest  of  these  is  called,  from  the  pointed 
shape  of  the  erjstals,  Dog  Tooth  Spar.  Take  one  of  these 
tooth-shaped  crystals,  tap  it  gently  with  the  hammer,  and 
it  will  fall  into  a  number  of  rhombohedrons  identical  in 
every  respect  except  size  with  those  of  our  first  specimen. 
Tills  crj'stal,  seemingly  so  different  from  the  rhombohedron 
we  were  just  now  handling,  is  reaUy  built  up  of  a  number 
of  elements  agreeing  with  it  exactly  in  their  geometrical 
form.  This  will  also  be  found  to  be  the  case  with  all  the 
different  cr}'stallino  shapes  under  which  Calc  Spar  is  found. 

Fundamental  Form. — ^The  rhombohedron  to  which 
oil  cryst^ils  of  Calc  Spar  can  be  reduced  is  called  the 
Fundamental  Form  of  the  mineral. 

Calc  Spar  has  been  chosen  for  the  foregoing  example 
because  it  cleaves  readily  parallel  to  oU  the  faces  of  the 
rhombohedron.  In  other  crystallised  substances  cleavage 
can  be  obtained  only  in  two  directions ;  in  others  only  m 
one  ;  in  some  not  at  all,  or  only  with  the  greatest  difficulty. 

The  student  may  also  easily  verify  for  himself  another 
case  in  which  one  crystalline  form  may  be  made  to  pass 
into  another  by  means  of  cleavage,  viz.  that  of  Fluor  Spar. 

This  mineral  is  found  frequently  crystallised  in  cubes, 
such  as  Fig.  3,  a.     If  a  knife  be  placed  near  one  of  the 
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angles  of  the  cube,  touching  the  face  A  £  C  D  in  ol  line 
parallel  to  the  diagonal  A  C,  and  equally  inclined  to  the 
three  faces  that  meet  in  £,  and  then  firmly  pressed  against 
the  crystal,  a  bit  will  fly  off,  bounded  by  tnangular  faces, 
and  the  crystal  be  reduced  to  the  shape  in  Fig.  3,  h.  If  each 
of  the  an^es  be  treated  in  the  same  way,  the  whole  crystal 


(«) 


i»> 


\P) 
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Fig.  3. 

may  be  similarly  modified.  We  shall  then  find  that  we 
may  continue  to  split  off  slices  parallel  to  faces  correspond- 
ing X,o  a  h  e^  till  the  crystal  is  reduced  to  the  shape  in 
Kg.  3,  Cy  which  is  a  solid  bounded  by  six  squares,  each  of 
which  is  formed  by  joining  the  middle  points  of  the  edges 
of  each  face  in  the  original  cube,  the  dotted  fig^ure  tfg  h, 
in  fact  of  Fig.  3,  i,  and  eight  equilateral  triangles.  By  still 
farther  continuing  the  process  the  square  faces  grow  smaller 
and  smaller,  till  the  crystal  is  at  last  reduced  to  the  shape 
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of  Fig.  3,  dy  which  is  a  regidar  octohedron,  bounded  by  eight 
faces,  each  of  which  is  an  equilateral  triangle.  Each  of 
the  angles  of  the  octohedron  occupies  what  was  the  centre 
of  a  face  of  the  original  cube,  the  relative  position  of  which 
is  shown  by  dotted  lines. 

By  similar  reasoning  to  that  just  described  it  has  been. 
ascertained  that  aU  me  multitudinous  and  complicated 
crystalline  forms  met  with  in  Nature  may  be  reduced  to  a 
few  simple  shax)es,  of  which  it  is  usual  to  reckon  some 
dozen  as  fundamental. 

These  we  will  now  describe,  first  adding  to  the  definitions 
already  g^ven  the  following : — 

Axes  of  Crystals.—^''  The  Axes  of  a  ciprstal "  are  imaffi- 
nary  lines,  about  which  the  crystal  is  symmetricaSiy 
arranged.  They  connect  either  opposite  angles,  or  the 
centres  of  opposite  faces,  or  the  middle  points  of  opposite 
edges.  We  have,  therefore,  in  any  symmetrical  crystal 
several  sets  of  axes  to  choose  between.  The  choice  how- 
ever is  not  arbitrary,  that  set  being  selected  in  each  case 
which  optical  or  other  properties  of  the  crj'stal  prove  to  be 
related  to  its  intimate  molecular  constitution. 

Eniuneratiozi  of  Fnndamezital  Forms. — The  Funda- 
meotal  Forms  are  as  follows  : — 

1st.  Prismatic  Forms. — If  we  take  any  two  plane 
figures  exactly  alike  in  every  respect,  place  them  so  that 
each  side  of  the  one  shall  be  parallel  to  the  corresponding 
side  of  the  other,  and  then  join  the  corresponding  angles 
by  straight  linos,  the  solid  so  enclosed  is  a  prism.  Tlie 
two  similar  plane  figures  are  called  "the  ends",  the  other 
bounding  figures,  which  it  is  easy  to  see  must  be  parallelo- 
grams, are  called  the  "lateral  faces",  and  their  inter- 
sections "lateral  edges".  The  line  joining  the  centres  of 
the  ends  is  called  the  "  longitudinal  axis"  ;  the  other  axes, 
called  "transverse  axes",  connect  either  the  centres  of 
opposite  lateral  faces  or  the  middle  points  of  opposite 
lateral  edges.  It  is  easy  to  see  that  the  tranverse  axes  lie 
in  a  plane  of  the  same  shape  and  size  as  the  ends. 

Prisms  are  classed  according  to  the  shape  of  their  ends  ; 
a  prism  witli  square  ends  is  a  square  prism,  one  with 
hexagonal  ends  an  hexagonal  prism.  Further,  if  the 
longitudinal  axis  is  perpendicular  to  the  ends,  the  prism  is 
a  "right  prism  " ;  if  not,  an  "  oblique  prism". 

Among  the  fundamental  forms  of  minerals  the  following 
are  prismatic : — 

1  a.  Eight  Prisms. — Lateral  faces  rectangles ;  longitudi- 
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nal  axis,  as  it  is  easy  to  see,  always  perpendicular  to  the 
transrerse  axes. 

The  cuhe.  Bounded  by  eight  equal  squares.  The  axes 
connect  centres  of  opposite  faces,  are  aU  equal  and  perpen- 
dicular to  one  another. 

The  right  square  prism.  Ends  squares.  Transverse  axes 
connect  centres  of  opposite  lateral  faces,  thoy  are  equal  and 
perpendicular  to  one  another,  but  not  equal  to  the  longi- 
tudinal axis. 

The  right  rectangular  prism.  Ends  oblongs.  Axes  connect 
centres  of  opposite  faces,  are  perpendiculfiur  to  one  another, 
and  all  unequaL 

7^  right  rhombic  prism.  Ends  rhombuses.  Transverse 
axes  connect  centres  of  opposite  lateral  edges;  they  are 
therefore  the  diagonals  of  a  rhombus,  and  so  at  right 
angles  to  each  other,  but  unequal ;  they  are  also  unequal 
to  the  longitudinal  axis. 

The  right  rhomhoidal  prism.  Ends  rhomboids.  Axes  con- 
nect centres  of  opposite  faces.  They  are  all  unequal,  and 
the  transverse  axes  cross  one  another  obliquely. 

The  right  hexagonal  prism.  Ends  regular  hexagons. 
Transverse  axes  connect  either  centres  of  opposite  lateral 
faces,  or  middle  points  of  opposite  lateral  edges  ;  they  are 
iHjiial,  and  form  angles  of  60°  with  each  other,  but  are  not 
«jqual  to  the  longitudinal  axis. 

lb.  Oblique  Pbisms. — ^Lateral  faces  parallelograms ;  longi- 
tudinal axis  oblique  to  plane  containing  tranverse  axes. 

Oblique  rhombic  prism. — ^Ends  rhombuses^  Transverse 
axes  connect  middle  points  of  lateral  edges.  They  are 
therefore  the  diagonals  of  a  rhombus,  and  are  imcqual  and 
perpendicular  to  each  other. 

Oblique  rhomboidal  prism. — Ends  rhomboids.  Transverse 
axes  as  in  the  last.  They  are  therefore  the  diagonals  of 
a  rhomboid,  are  imequal  and  cross  one  another  obliquely. 

In  both  these  forms  the  longitudinal  axis  may  be  per- 
pendicular to  one  and  oblique  to  the  other  of  the  trans- 
verse axes ;  or  it  may  be  oblique  to  both  of  them.  In  the 
latter  case  the  prism  is  said  to  be  doubly  oblique. 

2nd.  PyKAJtfiDAL  Forms. — ^If  we  draw  straight  lines  to 
the  angles  of  a  plane  figure  from  any  point  outside  its  plane, 
the  solid  so  enclosed  is  a  pyramid.  The  plane  figure  is 
called  the  base,  the  other  bounding  figures,  which  are 
evidently  triangles,  tlie  faces :  the  point  is  called  the  vertex. 
If  the  line  connecting  the  vertex  with  the  centre  of  the 
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baiio  ill  perpendicular  to  the  latter,  the  pyramid  ia  a  riglit 
jfyriiiiiid ;  if  not,  an  oblique  pyramid. 

'r\ni  following  pyramidal  forms  occur : — 

7'As  regular  octohednm. — If  we  take  two  pyramida,  with 
CO  mil  Mjimro  baHOs,  and  faces  equilateral  triangles,  and 
]iliir:o  Uk.'Iii  base  to  base,  we  get  this  solid.  The  axes  oon- 
riff#'t  op]H>K]'te  angles,  and  are  evidently  aU  equal  and  at 
right  finglf'H  to  each  other. 

The  Huuare  octahedron, — This  solid  is  formed  by  putting' 
bami  Ut  hiiHO  two  pyramids,  whose  bases  are  equal  squares 
and  fiKMM  (Kiual  isosceles  triangles.  The  axes  connect 
(ippoHitd  anglos;  two  being  the  oiagonals  of  a  square,  are 
iMimil  1111(1  at  right  angles  to  one  another;  theuiirdisat 
riglit  anglcH  to  these  two,  but  not  necessarily  eqiial  to  them. 

'l^wo  mon^  fonns  remain  to  be  described. 

Thf  rhombic  dodecahedron. — ^A  solid  bounded  by  twelye 
iM|iiiil  rlh)iiibuH(*H.  The  axes  connect  opposite  angles.  It 
IN  liiipclcHK  to  att(*mpt  to  make  the  student  realise  the  shape 
iif  thJM  Htiliii  oithor  l>y  description  or  a  plane  figure,  but  he 
limy  casil  V  ('onstnict  a  model  of  it  as  follows.  Let  him  cut 
(Mil  in  Htitf  piper  or  cardboard  a  figure  like  that  in  Fig.  4. 


TUvw  t»ei\il  \\y  x\w  to.ir  vho::'.b.:^es  AX,  BL,  Clf,  and  DF, 
iiMiiul  I  ho  ln\rN  .1  /».  /»(\  (*A  IKi  n?!i|ViVtively,  till  the 
i»il>'.r  «  \  »'v  1/  S  ^vu\e  t**4;v;htr.  Aiid  aUo  the  edges  Dlf,  D  G, 
•Mill  |M  io  i\  Mtii»  ot  li;',u  }\iivr  v^vor  the  joining  edges  to 
Kvi  j»  \U\\\\  ^v^;^.^^.^»r  Ho  \\ ::;  :hiV;  have  lormt^  one-half 
I  III'  .M»Uil  wtuxli  will  >M:ui  ov.  !iio  t.UT'  A  BCD:  the  other 
\\.\\\  \\\.\\  h^^{^y\\\\s\^  \*\  c\,w:\\  'Aw  siiww  way,  placed  on  the 
*oj»  »»i  \\w  \\  \\\  •.•.«Ni  ti»*".-.»v,.  -i*:,;  :V.v  :^\v»  ioi:u\i  together  by 

l'.*«liiu;      \ni».  K't   :  i;'.v.  \\;v,v    ;'..''..;:   •.*'.0  ^V.i^.  S.       TllO  dodeca- 

ln.^o»»    .»  um'  .,.1  N\  '.'  ';..\/  ^\\.*  vt   /.s  vy:v<::o  faces  open. 

\«'\>      I,  V     !,n^     y...   .         ■'.r..;.'.     '.-\--.      i    ,;V..;    •, "  tO    tUo    Opj.>Osite 

♦»*»;.)••    ^^'^\  .«».»'.;.,■.    •H**-.'.   ./.,^  'v*.*.:  M:'.-,r\*  .Va:;d  J/huve 
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been  brouglLt  together  to  that  where  H  and  O  have  been 
brought  together.  These  threads  are  the  axes,  and  by 
looking  through  the  open  faces,  a  little  geometrical  reason- 
ing wm  show  that  they  are  equal  and  perpendicular  to  one 
another. 

The  rhowibohedron, — A  solid  bounded  by  eight  equal 
riiombuses.  Of  this  the  student  had  better  make  a  model 
thna.     Cut  out  the  figure  in  Fig.  5 ;  bend  up  along  the 


Pig.  6. 

lines  CD,  E  F,  G  R,  \jSl  XZ  and  AB  coincide,  and 
fasten  the  two  latter  together  with  a  strip  of  paper  and 
gum.  This  will  give  a  rhombohedron  with  two  faces 
open.  He  will  find  that  the  three  plane  angles,  which 
contain  the  solid  angles  at  C  and  G,  are  all  equal,  but  that 
such  is  not  the  case  with  the  other  solid  angles.  C  and  G 
are  called  the  vertices,  and  the  edges  that  meet  them  are 
called  vertical  edges ;  the  other  six  edges  are  called  lateral 
edges.  Threads  connecting  the  middle  points  of  opposite 
lateral  edges  will  be  the  transverse  axes ;  they  are  easily 
seen  to  bo  the  Hnes  connecting  the  opposite  angles  of  a 
regular  hexagon,  and  are  therefore  eqiml,  and  inclined  at 
angles  of  60^  to  each  other ;  a  thread  connecting  the  two 
vertices  is  the  longitudinal  or  principal  axis ;  it  is  evidently 
perpendicular  to  the  transverse  axes. 

It  is  clear  that  the  rhombohedron  is  only  that  particular 
case  of  the  oblique  rhombic  prism  in  wliich  all  the  edges 
are  equal.  One  main  reason  for  making  it  a  distinct  form, 
and  giviDg  it  the  above  set  of  axes,  is,  that  optical  pheno- 
mena show  that  the  principal  axis  is  intimately  connected 
with  the  molecular  structure  of  the  crj'stal. 

Clwiflcation  of  Fundamental  Forms. — The  funda- 
mental forms  just  described  are  classed  according  to  th«j 
number,  relative  dimensions,  and  inclinations  of  their  axes 
in  the  following  six  systems. 
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Forms  with  three  axes  aU  perpendicular  to  one  another. 

1.  Monometric,  Isometric,  Tesseral,  Cubic,  or  Begular 
System.     Axes  all  equaL 

Cube,  Eegular  Octohedron,  Bhombic  Dodecahedron. 

2.  Dimetric,  Pyramidal,  or  Tetragonal  System.  Only 
two  equal  axes. 

Eight  square  prism.     Square  octohedron. 

3.  Trimotric,  Khombic,  Orthorhombic,  or  Bhombohedzal 
system.     Axes  all  unequaL 

Eight  rectangular  prism.     Eigbt  rhombic  prism. 

Forms  with  three  axes,  not  aU  perpendicular  to  each  other. 

4.  Monoclinic  or  Oblique  SystenL 

Axes  aU  unequal ;  two  perpendicular  to  each  other,  one 
of  these  two  being  perpendicular  and  the  other  oblique  to 
the  third  axis. 

Eight  Eliomboidal  Prism.  Oblique  Ehombic  Prism,  in 
which  the  longitudinal  axis  is  perpendicular  to  one  of  the 
transverse  axes. 

5.  Triclinic  or  Anorthic  System. 

Axes  all  une<iual  and  all  oblique  to  one  another. 
1  )oubly-obl ique  Ehombic  Prism.    Doubly-oblique  Ehom- 
boidal  Prism.* 

Forms  with  four  axes  ;  three  transverse^  equals  and  making 
angles  of  60°  with  one  another;  longitudinal  perpendicular  to 
transverse  and  not  equal  to  th^m. 

6.  Hexagonal,  Ehombohedral,  Ehomboidal,  or  Monotri- 
metric  System. 

Ilexagonal  Prism  and  Ehombohcdron.f 

Zaws  of  Crystalline  Form. — The  following  are  the 
two  main  laws  respecting  Cleavage  and  Crystalline  Form.. 

(1.)  Cleavage  takos  place  parallel  to  the  faces  of  a  funda- 
mental form,  or  to  the  diagonals  of  a  face. 


♦  For  that  form  of  the  Oblique 
Ilhomboidal  rrism,  in  which  the 
longitudinal  axis  is  perpendicular 
to  one  of  the  trauHvcrse  axes, 
some  authors  have  invented  a 
Diclinic  System,  in  which  there 
are  two  axes  perpendicular  to  one 
another,  and  a  third  oblique  to 
both  these  two ;  but  it  seems 
doubtful  whether   such    a    form 


has    ever    been     mot    with     in 
nature. 

t  The  student  will  find  models 
a  very  great  aid  to  understanding 
the  form  of  crystals.  He  cannot 
do  better  than  construct  them 
wholly  himself.  Full  directions 
will  be  found  in  Elementary 
Crystallography,  by  J.  B.  Jordan. 
Murby,  1873. 
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(2.)  Bodies  which  have  the  same  chemical  composition 
take,  when  they  crystallise,  either  the  same  crystalline 
shape,  or  shapes  which  can  be  reduced  to  the  same  funda- 
mental form.* 

The  following  are  the  three  principal  exceptions  to  the 
latter  law. 

1.  Polymorphism. — Some  substances,  while  retaining  the 
same  chemical  composition,  are  capable  of  assuming  cr3r8- 
taUine  shapes  belonging  to  two  or  more  different  systems. 
This  is  spoken  of  as  Dimorphism  when  the  different  crys- 
talline systems  are  two  in  number ;  Trimorphism  when  they 
are  three ;  and  so  on. 

Sulphur,  for  instance,  crystallises  both  in  rhombic  octo- 
hedrons  and  monodinic  prisms,  and  is  dimorphic. 

2.  Isomorphism  or  Homcsomorphism, — In  some  cases  two  or 
more  bodies,  differing  in  chemical  composition,  may  replace 
each  other  in  the  composition  of  a  mineral,  without  altering 
its  crystalline  form.  Such  substances  are  said  to  bo  Iso- 
morphous  or  HomoDomorphous  with  each  other. 

Thus,  for  instance.  Lime,  Magnesia,  and  Protoxide  of 
Iron  are  isomorphous  substances,  which  replace  one  another 
in  many  minerals,  without  producing  any  alteration  in  the 
crystalline  shape. 

The  replacement  is  well  seen  in  the  case  of  the  group  of 
minerals  Known  as  Garnets.  The  chemical  composition  of 
all  these  may  be  represented  by  the  formula — 

3(RO)2(SiO,) +F,0,SiO,, 

when  K  in  the  first  bracket  is  sometimes  Calcium,  some- 
times Iron,  sometimes  Magnesium. 

3.  Pseudomorphism.  —  This  occurs  when  a  crystal  has 
the  crystalline  form  characteristic  of  one  mineral  and  the 
chemical  composition  of  another.  For  instance,  Carbonate 
of  Lime  cr^'stallisos  in  rhombohedrons,  Quartz  in  six-sided 
prisms;  we  do  find,  however,  ciystals  of  Quartz  ha^dng 
the  exact  shape  and  angles  of  a  rhombohedron  of  Carbonate 
of  Lime.  Such  a  crystal  is  called  a  Pseudoniorph,  and  in 
the  case  mentioned  would  be  described  as  a  Pseudomorph 
of  Quartz  after  Carbonate  of  Lime. 

Pseudomorphs  are  arranged  in  the   following  classes 
according  to  their  mode  of  formation : — 
A. — Displacement  Pseudomorplis. 

•  Very  small  yariations  have  staTice.  Tliese  are  probably  due 
been  noticed  in  the  angles  of  dif-  to  the  presunco  of  small  quantities 
ferent  crjstals  of  the  same  sub-      of  mechanically  mixed  impurities. 
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(A  a)  By  inenufation,  when  one  mineral  has  coated  over 
a  crystal  of  another  mineral. 

(A3)  By  replacement^  when  the  sabstance  of  one  mineral 
has  boon  removecl,  and  its  place  tak^n  by  another  mineral, 
the  substitution  having  proceeded  atom  by  atom,  so  that 
tho  cr\'stallino  form  and  sometimes  the  deavago  of  the  first 
mineral  is  retained. 

11 — Alteration  Psendomorphs. 

(B  a).  By  the  removal  of  constituents. 

(B  h).  By  the  addition  of  new  constituents. 

(B  c).  By  the  taking  away  of  some  constituents  and  theiT 
replacement  by  others. 

Thus  there  are  two  minerals,  Selenite  and  Anhydzitei 
each  of  which  occurs  in  the  crystcdline  form  of  the  other ; 
the  first  is  a  hydrated,  the  second  an  anhydrous  Sulphate 
of  lime.  "WTien  we  fine  Selenite  under  the  form  of  Anhy- 
drite, one  constituent,  the  water,  has  been  removed,  and 
the  easo  corners  under  (B  a).  Conversely,  Anhydrite  in  the 
form  of  8olenito  comes  under  (B  h).  Again  we  find  Car- 
bonate of  Lime  witli  the  crs'stalline  form  of  Selenite. 
Here  tlio  Carbonate  of  Lime  may  have  been  decomposed, 
and  Sulphuric  Acid  jmt  in  the  place  of  Carbonic  Acid,  and 
we  should  then  have  an  instance  of  (B  c).  But  the  change 
may  be  produced  by  the  gnidual  removal  of  the  Carbonate 
of  Lime,  and,  as  each  atom  is  tak(»n  away,  by  a  correspond- 
ing atom  of  Selenite  being  put  in  its  place,  and  then  the 
Pseudomorph  would  be  put  in  the  class  (A  h). 

The  study  of  Psendomorphs,  specially  those  of  the  last 
class,  often  throws  great  light  on  the  steps  through  which 
a  rock  has  passed  before  it  reached  its  present  fonn.  Thus» 
in  many  rocks  which  contain  Chlorite,  this  mineral  can  be 
shown  not  to  have  been  one  of  the  original  constituents  of 
tho  rock,  but  to  have  been  formed  by  tlie  alteration  of  Ilom- 
blende  or  Augite.  And  thus  wo  leam  that  cei-tain  chloritic 
rocks,  tliough  they  now  diff(.T  from  others  of  Ilomblendic 
com])osition,  may  have  been  originally  identical  with  tho 
latter  and  formed  in  the  same  wav. 

Fonns  which  are  sometinu»8  calhnl  Pseudomorj^hs  are 
also  produced  in  this  way.  A  crystal  is  removed  in  solu- 
tion, and  tho  mould  thus  formed  is  afterwards  filled  up 
-witli  a  non -crystallised  substance,  and  so  a  cast  of  the 
crystal  is  fonned.  Thus  crvstals  of  Common  Salt  are 
sometimes  formed  by  evaporation  on  the  margin  of  a  salt 
lake  ;  the  crvstals  are  afterwards  dissolved  a  wav,  and  the 
hollows  produced  filled  up  with  mud,  and  a  model  of  tlio 
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crystals  formed  in  the  latter  substance.  Mud-casts  of  the 
crystals  of  other  salts  besides  Common  Salt  have  also  been 
noticed,  of  prismatic  crystals  of  Sulphate  of  Magnesia  for 
instance  (G^l.  of  Canada,  Eeport  to  1863,  p.  346). 

For  details  respe<H;ing  the  exceptions  noted  above,  the 
student  must  refer  to  works  on  Mineralogy. 

Sztemal  Form  and  Xntemal  Btmotnre  of  Xme- 
rals. — 2nd.  Amorplioiui  Fomui. — When  minerals  have 
neither  external  crystalline  form  nor  internal  crystcdline 
structurey  they  are  said  to  be  amorphous. 

Among  amorphous  forms  the  following  are  the  most 
important: — 

The  Glassy. — At  first  sight  no  two  things  can  seem  to 
be  so  totally  distinct  as  a  well-crystallised  and  a  glassy 
mineraL  The  reg^ular  geometrical  form  of  the  one,  and 
the  smooth  glistening  faces  along  which  it  breaks,  con- 
trast m  the  most  marked  way  with  the  shapeless  lumps 
and  rough  imeven  fracture  of  the  other.  The  same 
mineral,  howeyer,  is  often  capable  of  assuming  both 
shapes,  and  experiments  load  us  to  the  belief  that  it  is 
the  conditions  under  which  they  are  formed,  that  decide 
whether  minerals  shall  be  glassy  or  crystalline.  Thus,  if 
a  body  harden  from  a  state  of  fusion,  it  has  been  obsenred 
in  many  cases  to  take  the  shape  of  a  glass  if  it  cools 
quickly,  and  to  crystallise  if  it  cools  slowly.*  And  some 
substances  have  been  found  to  change  slowly  from  a  glass 
into  an  imperfectly  crystalline  mass  by  a  gradual  rearrange- 
ment of  their  molecules. 

The  Colloidf  Gelatinous^  or  Jelly-like. — By  certain  chemi- 
cal processes  some  minerals.  Silica  for  instance,  can  be 
precipitated  from  solution  in  a  gelatinous  or  jelly-like 
form.  Minerals  occur  in  nature,  with  very  much  the  look 
of  hardened  jelly,  which  there  is  good  reason  to  believe 
were  formed  by  a  similar  operation. 

The  Granular t  when  a  mineral  consists  of  grains  with- 
out external  crystalline  form.  The  grains  may  be  rounded, 
or  irTegulGu*ly  angular.  Such  a  structure  is  often  obtained 
when  a  substance  is  precipitated  from  solution  too  rapidly 
to  allow  of  its  molecules  arranging  themselves  in  crystal- 
line forms.  And  if  minerals  are  broken  up  by  mechanical 
loroe  and  the  fragments  in  any 'way  boimd  together  again, 
a  granular  substance  will  result.     If  the  fragments  are 

*  8m,  for  ixtfUnce,  Sir  James  Hall's  Experiments,  TransactioDB 
IKoj.  8oe.  of  Edinburgh,  y.  43. 
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rolled  about  and  rubbed  against  one  another,  by  running 
water  for  instance,  the  grains  become  rounded ;  but  if  no 
such  action  takes  place,  they  are  sharp  and  angular. 

When  substances  can  exist  under  two  or  more  physical 
conditions,  they  are  said  to  be  Alloiropic.  As  an  mstance 
of  Allotropism  we  may  take  Carbon,  which  occurs  under 
the  three  forms  of  the  Diamond,  Graphite,  and  CharcoaL 

Other  Properties  of  HCmerals. — ^There  are  many 
other  properties  of  minerals,  besides  their  chemical  compo- 
sition, form,  and  structure,  which  are  of  use  in  enabling 
us  to  recognise  them.  Of  these  tests  we  shall  speeiallr 
notice  only  those  which  are  of  easy  application  and  avail- 
able in  the  field. 

Streak  is  the  colour  of  a  scratch  made  on  a  mineral,  or 
of  the  mark  which  it  makes  on  paper  or  a  bit  of  unglajEed 
porcelain. 

The  Colour  J  Lustre,  and  Transparency  are  other  charac- 
teristics it  is  often  useful  to  note. 

The  Hardness  of  a  mineral  is  a  most  useful  test.  It  can 
bo  detomiinod  either  by  drawing  a  knife  or  file  across  the 
mineral,  or  l>y  seeing  what  minerals  it  can  scratch  and 
what  can  scratdi  it. 

Miuei-alo^sts  have  a  fixed  scale  of  hardness ;  the  geolo- 
gist soon  learns  by  use  the  relative  hardness  of  the  few 
minerals  ho  has  to  deal  with. 

Allied  qualities  are  Fracture,  or  the  nature  of  a  freshly 
lMX)ken  surface,  Frangihilityy  and  Toughness, 

The  Weight  should  also  bo  noticed.  A  rough  determina- 
tion iu  the  hand  is  sometimes  useful  in  the  field. 

Some  soluble  minerals  have  Taste,  and  others  can  be 
made,  by  rubbing  thorn  or  breathing  upon  them,  to  give 
off  characteristic  Odours. 

The  properties  of  minerals  connected  with  Light,  EUe- 
tricity,  and  Magnetism  cannot  be  entered  into  in  an  ele- 
mentary treatise,  bevond  mentioning  the  fact  that,  as  the 
field  geologist  is  seldom  without  a  pocket-compass,  he  has 
about  him  the  means  of  finding  out  whether  a  mineral  is 
map^etic  or  not. 

The  above  sketch  of  the  principles  of  Mineralogy  is  all 
we  have  room  for  here.     The  student  "who  wishes  to  go 


lopraphy  in    ''Orr's    Circle    of    the   Sciences,"   Rutley's 
*'Minoralugy "     (Murby's    Science    Scries),    Naimiann's 
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"  Elemente  der  Mineralogie,"  Naumaim's  "  Elemente  der 
theoretischeii  Kiystallograpliie,"  and  Phillips's  ''Miner- 
alogy by  Brooke  and  MiUer."  Perhaps  the  most  complete 
treatise  in  English  on  the  subject  is  Dana's  ''  System  of 
Mineralogy." 


SECTION  m.-ENUMEEATION  AND  DESCEIPTION  OF 

EGCK-FOHMING  MINEEALS. 

We  may  now  pass  on  to  the  description  of  that  small 
body  of  minerals  ont  of  which  the  great  mass  of  rocks  is 
made  up,  arranging  them,  as  near  as  may  be,  in  the  order 
of  their  relative  importance. 

A. — ^Minerals  composed  of  Silica. 

The  minerals  of  this  class  may  be  divided  into  two 
groups  according  as  the  Silica  that  enters  into  their  com- 
position is  Anhydrous  or  Hydrated.  The  main  constituent 
of  the  first  class  is  Anhydrous  Silica  or  Silicon  Dioxide 
(8iO,).  Various  forms  of  Hydrated  Silica,  differing  in  the 
amount  of  water  they  contain,  are  known  to  chemists,  the 
most  important  being  Silicic  Acid  or  Silicic  Anhydride 
SiO,,2H,0.» 

Silicon  Dioxide,  when  crystcdlised,  has  a  specific  gravity 
of  2*6  ;  it  is  insoluble  in  any  acid  except  hydrofiuoric  acid, 
and  is  dissolved  under  ordinary  circumstances  only  very 
slowly  in  boiling  solutions  of  caustic  alkali.  We  can, 
however,  by  certain  chemical  processes,!  produce  a  solu- 
tion, from  which  Hydrated  Silica  may  be  precipitated  in 
an  amoiphous  or  non-crystalline  state.  We  can  also,  by 
the  method  known  as  dialysis,  obtain  a  solution  of  pure 
Silicic  Acid  in  water,  and  from  this  Hydrated  Silica  will 
separate  out  in  a  jelly-like  or  gelatinous  form.  Silica 
obtained  by  either  of  these  methods  has  a  specific  gravity 
of  2*2  to  2*3.  After  it  has  been  precipitated,  or  has 
gelatinised,  it  becomes  again  insoluble,  and  can  be  ob- 
tained in  solution  afresh  only  by  repeating  the  process  by 
which  the  solution  was  originally  procured. 

It  should  also  be  noted  that  Silica,  in  a  nascent  state, 
that  is,  when  just  set  free  from  combination,   is  more 

*  IVatts's  Dictionarj  of  Che-  f  Eoscoe,     Lessons    in    Ele- 

mistry  and    Supplements,   Arts.      mentaiy     Chemistry,     p.    143; 
*«8tlifa,"  <'  Quarts,"  and  "  Opal."      Chemical  News,  vol.  xiii.  p.  137. 
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readily  soluble  in  acid  or  alkaline  waters  than  in  its 
ordinary  state.  In  this  way,  when  minerals  containing 
silicates  are  decomposed  by  natural  causes,  a  portion  of 
the  Silica  is  taken  up  and  carried  away  in  the  water  of 
springs  or  rivers,  and  thus  the  water  both  of  lakes  and 
of  the  sea  holds  some  Silica  in  solution.  This  process  is 
facilitated  by  an  increase  of  temperature  and  pressure. 

Quartz, — Anhydrous  Silica,  pure,  or  coloured  by  small 
quantities  of  Oxide  of  Iron  and  other  impurities. 

It  occurs  crystallised  in  six-sided  prisms,  terminated  by 
six-sided  pyramids,  or  in  double  six-sided  p3rramids,  or  in 
modifications  of  these  forms,  belonging  to  the  Hexagonal 
System.  No  cleavage.  Hard  enough  to  scratch  glass  with 
ease.  Specific  gravity  when  crystallised  2*5  to  2*8.  In- 
fusible ^one  before  the  blowpipe,  with  soda  fuses  to  a 
trauEfparent  glass.  The  crystals  known  as  Bristol,  Buxton, 
or  Irish  Diamonds  are  clear  transparent  Quartz ;  qoloured 
purple  or  blue  by  Oxide  of  Manganese  it  forms  Amethyst ; 
other  coloured  varieties  have  special  names. 

Quartz,  as  a  constituent  of  rocks,  occasionally  occurs  in 
crystals ;  in  most  cases,  however,  it  has  no  external  crys- 
talline form,  but  occurs  in  rounded  glassy  grains  or 
"blebs,"  or  in  masses  of  an  opaque,  milk-white  colour;  in 
the  latter  state  it  very  frequently  forms  veins,  and  hence  is 
known  as  **  Vein  Quartz."  Many  rocks  also  are  in  a  large 
measure  composed  of  Sand,  which  is  a  collection  of  grains 
of  Quartz  worn  and  rounded  by  mechanical  means. 

The  great  hardness  of  Quartz,  the  absence  of  any 
cleavage,  and  its  conchoidal  fracture,  will  enable  the 
student  readily  to  distinguish  Quartz  fi*om  any  mineral  he 
has  much  to  do  with. 

Opal. — Hydrated  Silica,  mixed  in  the  varieties  known 
as  Common  Opal  or  Half  Opal  with  Peroxide  of  Iron, 
Alumina,  Lime,  and  other  impurities.  The  proportion  of 
water  ranges  up  to  13  per  cent.  Amorphous  conchoidal 
fracture.  Specific  gravity  1*9  to  2*3.  There  is  every 
recuson  to  believe  that  Opal  is  hardened  gelatinous  Silica, 
produced  in  rocks  by  the  decomposition  of  silicates,  and 
separated  out  by  a  natural  process  corresponding  to  the 
dialysis  by  which  gelatinous  Silica  is  obtained  in  the 
laboratory. 

Opal,  in  its  purest  form,  can  be  looked  upon  as  only  a 
rare  accessory  constituent  of  rocks.  An  impure  Half  Opal, 
however,  is  deposited  from  the  waters  of  hot  springs — ^the 
Gteysers  of  Iceland  for  instance — ^in  sufficient  quantity  to 
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fonn  rocks.  It  also  occurs  in  the  form  of  tliin  bands  oi: 
iajers  in  certain  siliceous  rocks. 

Chakedcny,  Flinty  Chert,  Jasper^  Agate, — These  are  the 
principal  examples  of  a  class  of  minerals  which  are 
periiaps  Silica  in  a  state  of  transition  from  the  anhy- 
drouB  to  the  hjdrated  state ;  according  to  some  authorities 
they  are  mixtures  of  Silicon  Dioxide  and  Silicic  Acid,  and 
the  soluble  portion  can  be  dissolved  out  by  alkaline  solu- 
tions.* 

They  occur  mainly  as  nodules  or  concretions,  or  in  veins, 
oecasionally  in  thin  layers,  and  form  an  important  ingre- 
dient in  the  constitution  of  many  rocks. 

B. — ^Minerals  coicposed  mainly  of  Silicates. 
B  (1). — Felspar  Grmp. 

The  FelspcLTS  are  a  group  of  minerals  composed  of  Sili- 
cate of  Alumina  combined  with  Silicates  of  l^otash.  Soda, 
and  Lime.  Small  quantities  of  Magnesia  and  Oxide  of 
Iron  are  frequently  present. 

Their  specofic  gravity  ranges  from  2*5  to  2*7 ;  and  their 
hardness  is  6,  that  is,  they  can  be  scratched  by  quartz, 
will  scratch  glass,  and  cannot  be  touched  by  the  kmfe,  or 
onh'  to  a  slight  degree  and  with  excessive  dif&culty. 

Some  of  the  Felspars  are  among  the  most  widely  distri- 
buted of  the  rock-forming  minerals.    The  principal  species 

ue  as  follows : — 

Orihoclau  or  Potash  Felspar. — Composed  of  one  equiva- 
lent of  Potash,  one  of  Alumina,  and  six  of  Silica :  K,0, 
Al,O^6(Si0,).  A  small  part  of  the  Potash  is  often  re- 
placed by  Soda,  and  a  little  Lime  and  Oxide  of  Iron  are 
uften  present.^ 

Monaelinie,  m  modified  oblique  prisms.  Cleaves^  parallel 
to  the  base  and  to  the  diagonal,  wliich  is  oblique  to  the 
longitudinal  axis  of  the  prisms.  The  two  cleavages  are 
therefore  at  right  angles  to  one  another,  whence  the  name. 
Streak,  greyish  white.  Lustre,  vitreous,  and  pearly  on  the 
cleavage  faces.  Fracture,  conchoidal  to  uneven  and  splin- 
teiy.    Not  acted  on  by  acids. 

Sanidine  cr  Glassy  Felspar  is  a  common  variety  of 
Orthodase.  The  ci^'stals  are  of  a  glassy  brightness,  more 
or  less  transparent,  and  often  cracked  and  creviced. 

*  Zixkel,  Lehrbuch  der  Petrographie,  vol.  L  p.  291. 
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It  is  veiy  generally  stated  that  Orthodase  is  confined  to 
the  older  and  Sanidme  to  the  newer  ciystalline  rocks ;  but 
it  is  very  doubtful  whether  the  latter  part  at  least  of  this 
generalisation  can  be  upheld  by  facts. 

Alhite  or  Soda  Felspar. — Composed  of  one  equivalent  of 
Soda,  one  of  Alumina,  and  six  of  Silica :  NajO,Al,Og, 
efSiOg) :  generally  very  small  admixture  of  Potash,  Lime, 
Magnesia,  Oxide  of  Iron. 

TricUniCy  in  modified  oblique  rhomboidal  prisms.  Gene- 
rally occurs  in  flat  twin  crystals.  Colour,  mostly  white ; 
tinges  the  blowpipe  flame  yellow.  Streak,  colourless. 
Fracture,  uneven.  Lustre,  vitreous,  pearly  on  basal  cleav- 
age planes.    Not  acted  on  by  acids. 

OUgoclase. — Composed  of  two  equivalents  of  a  Protoxide, 
two  of  Alumina,  and  nine  of  Silica :  2(RO),2(ALOg), 
9(SiO,). 

Soda  is  the  most  conmion  Protoxide,  but  it  is  often 
partly  replaced  by  Potash,  lime,  or  a  small  admixture  of 
Magnesia.  Oxide  of  Iron  is  also  frequently  present  in 
small  quantities. 

When  crystallised,  Triclinic  in  doubly  oblique  rhomboidal 
prisms.  Cleaves,  paraUel  to  the  base  and  shorter  lateral 
axis.  Streak,  colourless.  Fracture,  conchoidal  or  uneven. 
Lustre,  resinous ;  on  principal  cleavage  planes  vitreous  or 
pearly.  Insoluble  in  acids.  May  often  be  disting^shed 
from  Orthoclase  by  the  presence  of  fine  parallel  striations 
on  the  basal  cleavage  planes. 

Lahradorite  or  Lime  Felspar. — Composed  of  one  equiva- 
lent of  a  Protoxide,  one  of  Alumina,  and  three  of  Silica : 
RO,Al,03,3(SiO,). 

The  Protoxide  is  mainly  Lime  with  some  Soda ;  there 
are  generally  small  admixtures  of  Potash  and  Magnesia. 

Triclinic,  in  doubly  oblique  rhomboidal  prisms.  Ckavage, 
parallel  to  base,  mostly  coloured,  and  sometimes  shows 
a  beautiful  play  of  rich  tints.  Streak,  colourless, 
white.  Differs  from  preceding  Felspars  in  being  entirely 
soluble,  when  powdered,  in  nitric  or  heated  hydrochloric 
add. 

Anorthite,  another  Lime  Felspar. — Composed  of  one  equi- 
valent of  Lime,  one  of  Alumina,  and  two  of  Silica :  CaO, 
Al,0„2(Si08). 

With  the  Lime  there  are  small  admixtures  of  Soda, 
Potash,  and  Magnesia.  Alumina  replaced  to  a  small 
extent  by  Oxide  of  Iron. 

Ti'ielinic,  usual  form  a  doubly  oblique  rhombic  prism. 
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Cl€atag€y  parallel  to  the  base  and  shorter  lateral  axis. 
StreaJSf  colourless,  white.  Fracture^  conchoidal.  Com- 
pletely soluble  in  concentrated  hydrochloric  acid  without 
gelatinising'. 

In  all  the  Felspars  there  is  present  one  equivalent  of 
Protoxide  to  one  equivalent  of  Alumina,  but  the  proportion 
of  Silica  varies.  Thus  if  we  represent  the  Protoxide  by  py 
the  Alnininft  by  a,  and  the  Silica  by  *,  we  have : — 


p  I  a  :  8 


1:1:6    in  Orthodase  and  Albite. 
1  :   1  :  4^  in  Oligoclase. 
1:1:3    in  Labradorite. 
1:1:2    in  Anorthite. 


The  first  two  Felspars  are  hence  spoken  of  as  Highly  Sili* 
cated  or  Acidic ;  tne  rest  as  Poorly  Silicated  or  Basic. 

The  Felspars  are  also  subdivided  according  to  their  crys- 
talline form  into  Monoclinic  or  Orthodastic,  and  Triclinic 
or  Plagioclastic.  The  two  principal  cleavages  of  a  Mono- 
clinic  Felspar  are  inclined  to  one  another  at  an  angle  of  90** ; 
the  two  chief  cleavage  planes  of  a  TrioHnic  Felspar  inclose 
an  angle  less  than  90°.  Orthoclase  is  a  Monoclinic  Fel- 
spar, all  the  rest  mentioned  above  being  Triclinic.  There 
is  an  easy  test  by  which  we  can  frequently  detect  Triclinic 
Felspars.  When  light  is  allowed  to  play  on  the  basal 
cleavage  plane,  a  fine  parallel  striation  is  frequently  de- 
tected; this  striation  is  not  found  on  the  basal  cleavagty 
planes  of  Monoclinic  Felspars.*  Whenever,  then,  this 
striation  or  striping  is  visible,  we  may  be  sure  that  the 
Felspar  m  not  Orthoclase.  We  cannot,  however,  safely 
infer  from  the  absence  of  striro  that  the  Felspar  is  Tri- 
clinic. A  Triclinic  Felspar  will  be  either  Albite  or  one  of 
the  basic  forms  ;  and  at  first  sight  it  does  not  seem  to  be  a 
great  matter  to  be  able  to  say  this  and  no  more.  Prac- 
tically, however,  the  chances  are,  that  any  Triclinic  Felspar 
which  enters  largely  into  the  composition  of  a  rock  is  a 
basic  variety,  because  Albite  rarely  occurs  as  an  essential 
constituent.  When,  therefore,  a  rock  contains  in  consider- 
able quantity  a  Triclinic  Felspar,  it  furnishes  a  very  strong 
presumption  that  it  is  basic  and  not  acidic  in  composition, 
and  we  shall  learn  by-and-by  that  this  is  an  important 
point. 

*  See    also  *'NoU8    on    sorne      Quart.  Jounial,    Geological    8o- 
PeGiiliaritiei«  in  the   Microscopic      ciety,  xxxi.  479. 
Stmctare  of  Felspar/'  F.  Rutley. 
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The  foregoing  are  tlie  best  marked  and  most  generally 
admitted  members  of  the  Felspar  group  of  minerals.     I^ 
will  be  noticed  that  the  composition  of  all  of  them  admits 
of  a  certain  amount  of  variation ;  and  there  are  varietieBy 
which  we  cannot  treat  of  here,  which  tend  to  fonn  connect' 
ing  links  between  the  more  pronounced  species.     In  fact^ 
scarcely  any  two  mineralogists  are  agreed  as  to  how  far  tho 
different  members  of  the  Felspar  group  are  to  be  looked. 
upon  as  minerals  of  fixed  chemical  composition,  and  how 
far  as  mixtures  of  definite  chemical  compounds.     The 
student  who  wishes  to  go  into  this  question,  will  find  it 
noticed  in  Jukes'  **  Student's  Manual  of  Geology"  (3rd  ed. 
p.  73),  and  Zirkel's  "Lehrbuch  der  Petrographie"  (voL  i. 
p.  27),  and  he  may  further  refer  to  the  original  memoirs 
from  which  those  writers  have  drawn  their  infoimation. 
When  he  comes  to  know  more  of  the  probable  way  in 
which  the  crv'stalline  rocks  were  formed,   he  will  most 
likely  oonio  to  the  conclusion  that  variations  in  the  chemical 
composition  of  thoir  constituent    minerals  is  only  what 
might  bo  expectcKl ;  and  that,  thougli  it  is  useful  for  the 
purposes   of   classification,    and   conduces  to  clearness  of 
thought,  to  pick  out  some  of  the  best  defined  varieties  and 
give  tbem  namos,  it  is  necessary  to  bear  in  mind  that  in 
iSTature  there  are  so  many  connecting  links  between  these 
more  marked  foiins  that  no  hard  line  can  be  drawn  be- 
tween them  ;  and  care  must  be  taken  not  to  be  led  by  the 
love  of  system  into  giving  to  classification  more  value  than 
it  is  fairly    entitled   to  bear.      The  main  point  for  the 
beginner  to  bear  in  mind  is  the  proportion  which  the  Silica 
of  ea(rh  S7)ecies  boars  to  the  other  ingredients,  because  the 
acidic  and  basic  varieties  keep  in  a  manner  apart  from  one 
another,  and  have  each  a  group  of  associated  minerals  of 
their  own,  and  it  is  upon  this  circumstance  that  the  main 
divisions  of  tlie  crj-stalline  rocks  are  based. 

Two  minerals  closely  allied  to  the  Felspars  may  be 
noticed  here. 

Lencite. — Composed  of  one  equivalent  of  Potash,  one  of 
Alumina,  and  four  of  Silica,  with  admixture  of  Soda  up  to 
six  per  cent. 

Dmetric. — For  crystalline  form  see  Nicol's  '*  Mineralogy," 
p.  326.  Hardness,  5-5  to  6.  Specific  Gravity,  2*4  to  2*5. 
Soluble  in  hydrochloric  acid. 

Nepheline. — Composed  of  four  equivalents  of  a  Protoxide, 
four  of  Alumina,  and  nine  of  Silica.  The  Protoxide  con- 
sLsts  of  Soda  and  Potash,  and  most  analyses  give  four 
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atoms  of  Soda  to  one  of  Potash.  Small  variable  quan- 
tities of  Lime  and  Sesqnioxide  of  Iron  are  also  often 
present. 

Hexagondly  in  six-sided  tabular  crystals  or  prisms.  Sari- 
9e$$,  5*5  to  6.  Specific  Cfravitiff  2*58  to  2*65.  Gelatinizes 
with  acids. 

We  may  also  notice  here  a  Teiy  numerous  body  of 
minerals  included  imder  the  family  name  of  Zeolites. 

They  are  closely  related  in  chemical  composition  to  the 
FelsparSy  but  differ  from  them  in  all  containing  water,  the 
amount  varying  from  4  to  22  per  cent.  It  is  from  this 
latter  circimistauce  that  they  derive  their  name,  for  the 
presence  of  water  causes  them  to  froth  and  bubble  up 
before  the  blowpipe  ({^ccd,  to  boil),  it  also  makes  them 
much  more  easily  fusible  than  the  Felspars. 

B  (2).— Jfi«i  Group, 

A  number  of  minerals  go  by  the  general  name  of  Mica, 
which  all  agree  in  being  easily  split  into  thin  flakes  or 
leaves. 

Their  chemical  composition  is  variable,  and  not  very 
definite;  they  contain  from  35  to  50  per  cent,  of  Silica, 
15  to  40  per  cent  of  Alumina,  and  from  8  to  10  per 
cent,  of  i'otash;  the  other  ing^redients  being  Sooa, 
Iron,  Magnesia,  Fluorine,  Manganese,  Lithia,  and  occa- 
sionaUy  Qiromium  and  the  rare  metals  Caesiimi  and 
Eubidium. 

Their  specific  gravity  ranges  from  2*8  to  3,  and  their 
hardness  trom  2  to  3;  so  that  sometimes  they  can  be 
scratched  by  the  nail,  and  can  always  be  easily  scratched 
with  the  knife. 

The  Micas  fall  into  two  classes  according  as  they  contain 
Magnesia  or  not. 

(1)  Non-ma^nen'an  Micas. 

Jfuicoffite  or  Potash  Mica. — Contains  from  45  to  50  per 
cent,  of  Silica,  30  to  38  per  cent,  of  Alumina,  and  about 
10  per  cent,  of  Potash,  with  Iron,  Manganese,  Fluorine, 
and  occasionally  Chromic  Oxide ;  always  some  water,  in 
some  cases  up  to  5  per  cent. 

EhomhiCy  crystals  often  in  six-sided  tables.  Chavaffe 
parallel  to  base  highly  perfect.  Flexible,  and  in  thin 
lainiiiad  elastic,  the  latter  property  distinguishing  it  from 
Talc  and  Selenite.    Not  decomposed  by  adds. 
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This  mineral  is  found  in  Bussia  and  elsewliere  in  plateft 
large  enough  to  allow  of  its  being  used  for  lanterns,  win^ 
dows,  and  similar  purposes ;  it  is  then  known  as  MuBOOvy 
Glass. 

Lepidolite  or  Lithia  Mica. — ^This  mineral  differs  mainljT 
from  the  last  in  containing  from  2  to  5  per  cent,  of  Tiithia» 
and  a  larger  percentage  of  Fluorine,  from  2  to  8  per 
cent.  It  also  contains  Soda,  and  sometimes  Ceesium  and 
Bubidium,  but  no  Magnesia,  or  only  yeiy  small  tracea 
of  it.  Melts  very  easily  before  the  blowpipe,  colouring' 
the  flame  red.  Imperfectly  soluble  in  acids,  whoDj  so 
after  fusion. 

(2)  Magnesian  Micas, 

These  contain  39  to  41  per  cent,  of  Silica,  and  Magnesia 
in  varying  amounts  up  to  30  per  cent. ;  they  are  also 
richer  in  Sesquioxido  of  Iron  than  the  Non-magnesian 
Micas. 

The  two  chief  varieties  are  known  as  Biotitc  and  Phlo- 
golite. 

The  Micas  are  easily  recognised  by  the  ease  with  which 
they  split  into  thin  flakes,  which  are  both  flexible  and 
elastic.  The  only  oth(»r  common  minerals  which  split  in  the 
same  way  are  Talc  and  Selenite,  and  the  lamina?  of  these 
are  flexible  but  not  elastic.  Talc  also  has  a  greasy  feel, 
whicli  serves  to  distingiiisli  it. 

It  is,  however,  by  no  means  easy  to  say  to  which  species 
any  particular  specimen  of  Mica  belongs,  and  tliis  can  often 
be  determined  only  by  cliemical  analysis  or  optical  proper- 
ties. Perhaps  as  a  rule  the  Maf^iesian  Micas  are  more 
generally  dark-coloured  than  the  Non-magnesian. 

B  (3). — Hornllendic  or  Augitic  Group. 

The  minerals  of  this  group  are  bisilicates  of  one  or  more 
protoxide  bases,  such  as  Lime,  Magnesia,  Protoxide  of 
Iron,  and  Protoxide  of  Manganese.  Tlie  protoxides  replace 
one  another  isomorphously,  and  give  rise  to  great  varia- 
tion in  the  cliemical  composition  of  different  varieties. 
Part  of  the  Silica  is  also  fi*equently  replaced  by  Alumina. 
In  their  normal  state  they  contain  no  water,  but  certain 
species  have  a  tendency  to  take  up  water,  and  thus  give 
rise  to  new  varieties. 

Tlie  two  chief  species  are  Hornblende  and  Augito. 

Homhleiide  orAmphihole. — In  these  varieties,  which  contain 
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Alimiina,  the  proportion  varies  up  to  14  per  cent.     Silica 
varies  from  45  to  60  per  cent. 

IfanoeliniCj  in  modined  forms  of  an  oblique  rhombic  prism. 
Cleavage,  parallel  to  one  face  of  the  prism  very  perfect, 
frequently  laminated  and  sometimes  fibrous.  Colour,  usually 
black  or  greenish  black,  but  also  of  various  shades  of 
grey,  yellow,  or  brown,  and  even  white.  Streak,  white,  or 
paler  than  the  colour.  Hardness,  5  to  6.  Tottgh.  Specific 
Graciiy,  29  to  3-4. 

Augitc  or  Pyroxene, — ^In  the  aluminous  varieties,  whie^i 
are  the  most  plentiful,  the  Alumina  ranges  up  to  8  per 
cent.     Silica  varies  from  47  to  56  per  cent. 

Monoclinie,  in  modified  oblique  rhombic  prisms.  Colour, 
black  or  greenish  black,  but  sometimes  of  paler  tint. 
Streak,  white  or  greyish.  Sardness,  5  to  6.  Brittle,  Specific 
Gravity,  3  to  3  5. 

In  chemical  composition  Hornblende  and  Augite  ar 
similar,  and,  indeed,  the  variations  in  this  respect  to  which 
both  are  liable,  are  so  great  that  it  seems  scarcely  possible  to 
distinguish  between  them  on  this  ground,  though,  perhaps, 
Augite  usually  contains  more  Lime  and  less  Alumina  than 
Hornblende. 

Their  crystalline  forms,  however,  though  both  belonging 
to  the  same  system,  differ  in  their  angles,  and,  when 
ciyBtals  perfect  enough  to  be  submitted  to  measurement 
can  be  obtained,  the  two  minerals  may  be  distinguished  by 
this  test.  Sometimes  the  difiPerence  can  be  detected  by  the 
eye,  for  in  Hornblende  the  larger  angle  of  the  prism 
(124**  30')  is  sensibly  larger  than  a  right  angle ;  in  Augite 
the  angles  of  the  prism  are  87**  6'  and  92°  54',  each  very 
nearly  a  right  angle.  Hornblende  also  frequently  occurs 
in  a  laminated  form;  Augite  rarely  or  never.  One  of 
the  varieties  of  Hornblende,  Uralite,  however,  is  said  to 
have  the  external  form  of  Augite  and  the  cleavage  of 
Hornblende. 

These  facts  lead  one  to  the  belief  that  Hornblende  and 
Augite  are  really  only  two  forms  of  the  same  mineral ;  and 
that  the  difference  between  them  is  owing  to  a  difference 
in  the  physical  circumstances  under  which  they  were 
formed,  such,  for  instance,  as  rate  of  cooling,  if  they  arose 
irom  a  state  of  fusion. 

It  is,  however,  worthy  of  notice  that,  while  Hornblende 
occurs  associated  with  free  Quartz  and  the  more  highly 
nlicated  as  well  as  the  basic  Felspars,  it  is  said  that 
Augite  has  never  yet  been  found  with  Quaxtz  or  Orthodase. 
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But  we  ore  quite  ignorant  whether  this,  and  many  ot3>^ 
facts  respecting  the  association  of  minerals,  was  true  of  tl^® 
rock  from  the  time  of  its  first  formation,  or  whether  it    ^ 
due  to  subsequent  alteration.     But  this  is  a  subject 
must  bo  deferrt:'d  to  a  subsequent  chapter. 

Diallage  and  Bronzite  are  foliated  varieties  of  Augite. 
surface  of  the  thin  plates  into  which  they  are  divided 
of  a  pearly  lustre  in  the  first,  and  brassy  and  metallic 
the  second. 

Hypernthene  is  a  mineral  agreeing  with  Augite  in  gien< 
composition,  but  crystallising  on  the  Bhombic  System. 

Olivine, — 8ilicate    of    Magnesia,    the    Magnesia    beim^^ 
frequently  replaced  in  part  by  Protoxide  of  Iron ;  a  littl*^ 
Protoxide  of  ^langancse  is  also  frequently  present. 

This  mineral  occurs  most  frequently  in  glassy  masses  o^ 
an  olive  gpreen  colour  in  Basalt  and  oUier  rocks. 

B  (4).— Tfl/tf  and  Chlorite  Group. 

The  minerals  which  may  be  placed  together  under  this* 
head  are  essentially  Ilydrated  Silicates  of  Magnesia.  The^fr' 
are  soft,  and  have  usually  a  soapy  or  greasy  feel.  Theix" 
speoilic  gravdty  ranges  from  2*5  to  2*8. 

Talc. — Ilydrated  Bisilicate  of  Magnesia,  with  from  1  to 
4  per  cent,  of  l*rot oxide  of  Iron,  and  -cVlumina  up  to  5  per 
cent.  Found  rarely  in  six-sided  tables ;  believed  to  belong" 
to  either  the  Ehombic  or  Monoelinie  System  ;  usually  with 
a  foliated  structure,  which  allows  it  to  be  split  into  thin 
plates,  that  are  flexible  but  not  elastic.  A\lute,  silvery 
wliito,  or  greenish,  with  pearly  lustre.  Streak,  white  or 
paler  than  the  colour.  Very  soft,  and  easily  cut  with  a 
laiifo.     Unctuous  to  the  touch. 

Chlorite. — Hydrate  Silicate  of  Magnesia  and  Alumina 
with  Protoxide  of  Iron. 

Hexagonaly  sometimes  in  tabular  six-sided  prisms.  Oftoner 
granular  and  disseminated  in  scales.  Very  soft.  Not  so 
imc^uous  to  the  touch  as  Talc,  and  yields  water  when 
heated  in  a  glass  tube,  which  Talc  does  not.  Usual  colour 
a  dark  olive  green.     Streak,  greenish  gray. 

Serpefitine. — Hydrated  Silicate  of  Magnesia  with  small 
quantities  of  Alumina  and  Protoxide  of  Iron. 

Rarely  occurs  crystallised  in  doubtful  forms.  Usually 
massive.  Colour  very  frequently  different  shades  of  green, 
sometimes  red  and  brown,  often  veined  and  mottled. 
Harder  than  Talc  or  Gdorite,  but  may  be  easily  cut  vdih 
a  knife.     Slightly  soapy  feel. 
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C. — Compounds  of  Lime. 

One  of  the  most  widely  diffused  and  important  minerals 
the  geologist  has  to  deal  with  is  Carhonate  of  Lime.  When 
ciyBtallised  it  occurs  tmder  two  forms,  one  of  which,  Cal- 
cite,  is  extremely  common ;  the  other,  Aragonite,  is  not  so 
frequently  met  with. 

Calcite  or  Calc  Spar. — J^homhoJiedral,  primary  form  an 
oblique  rhombohedron.  Cleavage,  very  perfect  and  easy 
parallel  to  all  the  faces  of  the  rhombohedron.*  IfardfiesSf 
2*5  to  3-5,  so  that  it  can  be  easily  scratched  with  a  knife. 
Specific  Gravity f  2*6  to  2*7.    Effervesces  briskly  with  acids. 

The  crystals,  when  sufficiently  transparent,  are  strongly 
double  refracting. 

This,  which  is  one  of  the  commonest,  is  also  the  most 
easily  recognised  of  minerals.  Its  ready  and  perfect 
cleavage,  the  ease  with  which  the  knife  scratches  it,  and 
its  effervescence  with  acids,  distinguishing  it  from  any 
mineral  which  it  otherwise  resembles. 

Aragonite. — ^Hhombic.  Usually  in  compound  prismatic 
ciystalB,  the  cross  section  of  wnich  is  star-shaped  with 
re-entering  angles.  Also  very  frequently  fibrous,  with 
sometiines  a  silky  lustre.  Can  be  scratched  with  a  knife, 
but  is  sensibly  harder   than  Calcite.    Effervesces  with 


BitUnpar. — Composed  of  Carbonate  of  Lime  and  Car- 
bonate of  Magnesia.  Rhomhohedrdl.  The  primary  Ehom- 
bohedron  differs  veiy  slightly  from  that  of  Calcite,  but 
the  faces  are  very  commonly  curved.  The  lustre  of  the 
deavage  planes  is  also  often  somewhat  pearly.  Effer- 
vesoes  much  more  slowly  than  Calcite  with  cold  acid, 
but  the  powder  effervesces  briskly  with  hot  acid.  Some- 
what harder  than  Calcite.  These  tests  will  generally 
distinffuish  it  from  Calcite,  which  otherwise  it  much 
Tesemblee. 

The  proportions  of  the  two  carbonates  vary  very  much  in 
different  specimens,  as  will  be  seen  from  the  following 
Table  of  analyses  taken  from  Dana's  Mineralogy,  f 

*  Seepage  25. 

t  See  also  Biachof^  Chemical  Geology,  U  ^7i 
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Atomic  propnrtinn 
of  Cnrnoiuite  of 

Theoretical  Com- 
poaitioin. 

lime  to  CarlMmate 
of  HagnesJA. 

GttCO, 

MgCOi 

CbCOb 

M^CQi 

1  :  1 

64-35 

45-66 

51*0   to  57-91 

44-^2  to  88-97 

3  :  2 

641 

85*9 

59-0    to  65-21 

39-50  to  84-79 

2  :  1 

70*4 

29*6 

78-0   to  68-0 

25-0   to  25-1 

3  :  1  to  5  :  1 

77-68  to  85-84 

18-77  to  10-J9 

1  :  3 

27*53  to  28 

67-97  to  67-4 

Tlio  first  variety  in  the  Table  is  usually  looked  upon  as 
the  normal  type  of  the  mineral,  and  the  others  are  supposed 
to  he  produced  by  portions  of  one  carbonate  being  replaced 
by  corresponding  portions  of  the  other.  The  Crj^stalline 
forms  of  the  two  carbonates  diifer  so  little,  that  we  can 
easily  imagine  this  replacement  taking  place  without  the 
crj'stallino  form  of  the  compound  or  mixture  being  affected 
to  an}^  gr(»at  extent.  It  is  said,  however,  that  the  angles 
of  the  RhombolKjdron  of  1  Jitter  Spar  are  not  constant,  but 
aj)proach  those  of  Carbonate  of  lime  or  Carbonate  of 
Magnesia,  ac^^ording  as  the  first  or  second  salt  predomi- 
nates in  the  com])osition. 

This  mineral  is  also  sometimes  called  Dolomite,  but  it 
will  bo  convenient  to  restrict  that  term  to  rocks  in  which 
Bitter  Spar  is  the  main  ingredient. 

Gypsum. — Hydrated  Sulphate  of  Lime.  The  crystallised 
fonn  is  known  as  Selrm'te,  JlofwcIiniCy  generally  in  flat  right 
rhomboidal  prisms,  often  combined  so  as  to  give  arrow- 
headed  forms.  Chairs  with  ease  in  one  direction,  giving 
thin  plates  which  are  flexible,  but  not  elastic.  Soft  enough 
to  be  scratched  with  the  nail.  Pure  varieties  white  and 
semi-transparent,  with  pearly  lustre  j  frequently  stained 
with  various  colours. 

Gypsum  also  occurs  amorphous  in  large  masses,  and  in 
thin  layers,  or  veins,  which  are  frequently  fibrous,  and  have 
a  silky  lustre. 
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Anhydrite. — Anhydrous  Sulphate  of  Lime.  Ilhonihic, 
t  hree  cleavages  at  right  angles  to  one  another.  About  as 
liard  as  Calcite. 

The  two  following  are  not  uncommon  aa  accessory 
xninerals: — 

Fluor  Spar, — ^Fluoride  of  Calcium  (CaFlj).  The  crys- 
'talline  form  and  cleavage  have  been  described-  on  p.  20. 
^Satlier  harder  than  Calcite.  Of  various  colours,  and  often 
^witli  a  brilliant  gemlike  lustre.  When  heated  with  sul- 
phuric acid  gives  off  hydrofluoric  acid,  which  corrodes 
^lass.  Gives  a  phosphorescent  light  when  placed  on 
Seated  iron. 

Apatite. — Phosphate  of  Lime  (Ca,2P0^),  with  very  fre- 
<}aently  some  Fluoride  or  Chloride  of  Calcium.  Hexagorudy 
in  modified  hexagonal  prisms.  Harder  than  Fluor  Spar, 
l>iit  not  80  hard  as  Orthoclase.  Dissolves  slowly  in  nitric 
cudd,  but  without  effervescence. 

The  compounds  of  Lx)n,  and  some  few  other  minerals, 
-which  can  hardly  be  considered  to  belong  to  the  Eock- 
^orming  class,  have  already  been  noticed  (p.  18).  There 
are  also  other  accessory  minerals  of  very  common  occur- 
rence, which  will,  sooner  or  later,  come  under  the  student's 
notice ;  but  for  descriptions  of  these  he  must  turn  to  works 
cm  Mineralogy  or  larger  treatises  on  Geology. 

SECTION  IV.— LITHOLOGICAL  CLASSIFICATION  OF 

K0CK8. 

We  have  now  given  a  sketch  of  such  parts  of  Mineralogy 
ns  will  suffice  for  the  needs  of  a  beginner.  The  student, 
'when  he  has  mastered  this,  may  be  compared  to  a  child 
tiiat  has  learned  its  alphabet ;  and  as  the  next  step  with 
the  child  is  to  show  him  how  letters  are  put  together  to 
^orm  words,  so  we  must  now  go  on  to  show  the  reader  how 
tJie  minerals,  with  which  he  has  made  acquaintance,  are 
cximbined  into  rocks. 

Uthological  Classification  of  Bocks. — We  vnUl  first 
Bee  what  results  would  be  arrived  at  by  Lithology,  or  an 
indoor  examination  of  hand-specimens  alone.  By  this 
method  of  research  one  would  be  led  to  divide  rocks  into 
two  great  classes  —  Crystalline  and  Non-crystalline  or 
Qranular. 

Crystalline  Socks. — The  rocks  of  the  first  class  consist 
o!  crystals  with  their  angles  and  edges  sharp  and  un- 
Touadedy  embedded  in  a  paste  not  so  distinctly  crystalline. 
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Von-orystallint  Booln. — ^The  Non-GETBtalline  or  Gift' 
nular  rocks,  on  the  other  hand,  aie  oompoeed  of  partidN 
more  or  less  rounded,  worn,  or  broken,  held  together  "bf  ft 
cement  or  paste.    The  latter  may  be  crystalline,  but  ike 
student  must  not  imagine  the  posseesion  of  a  cryt^aJ&mb 
cement  in  a  Non-cryBtalline  rock  in  any  way  allies  it  to 
the  rocks  of  the  first  class.    Why  this  is,  we  cannot  explain 
at  present ;  but  we  shall  see  by-and-by  that  the  modes  cf 
formation  of  the  two  kinds  of  rock  were  totally  different. 

To  these  main  subdivisions  the  lithologist  would  pro- 
bably add  two  more,  either  as  independent  or  Babozdinacto 
classes. 

One  would  include  certain  rocks  closely  resembling  in 
many  respects  members  of  the  Granular  dass,  which  yet 
show  a  marked  tendency  towards  a  Grystalline  texture; 
rocks  which  give  the  idea  that  they  have  been  onoe  iden- 
tical with  the  Granular  rocks  they  still  resemble,  but  hare 
had  a  certain  amount  of  crystallisation  superadded  to  their 
original  condition. 

The  second  additional  class  would  take  in  rocks  which 
may  be  separated  on  these  grounds.  AVhile  in  many  of 
the  Crystalline  rocks  the  constituent  minerals  are  thrown 
together  without  order  or  arrangement,  in  these  rocks  there 
is  a  tendency  for  the  different  minerals  to  be  arranged  each 
one  by  itself,  in  separate  layers.  Such  rocks  go  by  the 
name  of  Schistose  ((rxtords,  split),  or  Foliated  (Folium, 
a  leaf),  because  the  arrangement  of  their  components  tend 
to  make  them  split  into  thin  flakes  or  leaves. 

Lithological  examination,  then,  leads  us  to  the  following 
classification  of  rocks : — 


1.  Crystalline. 


2.  Non-crystalline 

or 

Granular. 


1  a.  Confusedly  crystalline :    minerals  not  ar- 
ranged m  any  order. 

1  b.  Schistose  or  Foliated:  minerals  arranged 
each  by  themselves  in  separate  layers. 

2  a.  With  no  trace  of  crystallization,  unless  it 
be  a  crystalline  cement. 

2  b.  With  more  or  less  of  a  tendency  to  a  super- 
added crystalline  texture. 

Some  rocks  would  stiU  remain,  which  it  would  puzzle  a 
lithologist  to  assign  to  their  proper  place  in  the  above 
scheme.  He  would  find  all  kinds  of  intermediate  steps 
between  the  Confusedly  Crystalline  and  the  Scliistose ;  and 
some  rocks,  such  as  common  roofing  slate,  which,  thoug^h 
tmdoubtedly  granular  in  texture,  are  so  thoroughly  schis- 
tose as  to  seem  to  require  a  special  class  for  themselves. 
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But  these  imperfections  in  the  classification  are  only  a 
necessaiy  consequence  of  the  one-sided  method  by  which 
it  was  arrived  at.  It  looked  merely  at  the  composition  and 
texture  of  rocks,  and  paid  no  heed  to  the  way  in  which 
thej  have  been  formed.  It  is  only  when  both  circum- 
staaoeB  have  been  taken  into  accoimt  that  we  can  arrive 
at  anything  like  a  satisfactory  rock  classification. 

Some  writers  would  add  as  distinct  classes  of  rocks  the 
two  following: — * 

OUuaf  cr  Myaline, — ^We  have  already  seen  that  in  the 
case  of  minerals  there  was  no  essential  difference  between 
their  glassy  and  crystalline  forms,  and  that  it  is  the  con- 
dition under  which  the  mineral  is  formed  that  determines 
which  shape  it  takes.  The  same  is  equally  true  of  rocks. 
When  we  come  to  describe  the  different  kinds  of  rocks,  we 
■hall  find  the  following  two  facts  to  be  true.  For  every 
glassy  rock  there  is  a  rock  of  exactly  identical  chemical 
oomposition  with  a  crystalline  texture ;  and  the  two  forms 
pass  by  insensible  gradations  into  one  another.  And  when 
w©  come  to  inquire  into  the  way  rocks  were  formed,  we 
shall  see  that  it  was  either  the  rate  of  cooling,  or  the  degree 
of  fluidity,  or  some  such  condition,  which  caused  the  rock 
to  assume  at  one  time  a  glassy  and  at  another  a  crystalline 
shape.  We  may  therefore  look  upon  the  glassy  state  as  a 
particular  case  of  the  crystalline. 

PorodinauBy  or  those  which  have  solidified  from  a  gelatinous 
state.  Certain  minerals,  such  as  Opal,  we  have  seen,  have 
in  all  likelihood  been  formed  in  this  way,  and  in  some  cases 
considerable  bodies  of  rock  have  probably  been  permeated 
bj  fluids,  from  which  minerals  have  gelatinised  out  and 
become  incorporated  with  the  rock;  but  it  seems  very 
doubtful  whether  any  large  rock  mass  is  known,  which  was 
ever  entirely  composed  of  a  gelatinous  mineraL 


SECTION  v.— CRYSTALLINE  ROCKS. 

In  aooordance  with  the  classification  just  given,  we  will 
ooDsider  first  the  Crystalline  rocks,  and  wm  begin  with 
those  peculiarities  which  come  imder  the  head  of  Texture 
or  Grain,  and  depend  on  the  relative  size  of  the  particles. 

Taxiiire  of  Crystalline  Socks. — In  some  of  these 
the  ciystals  are  large  enough  to  be  seen  by  the  un- 

•  NaniDSimy  Lehrbnch  der  Geognosie,  L  393. 
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aided  eye;  Bach,  are  called  Maenhery8iMim§j  or  GNVnijf 
Cryatdlline.     Bocks    of  this  character,  when  smgie  d»* 
tached  crystals  are  disseminated  in  an   earthy  or  1m 
ciystaUino  paste,  are  said  to  be  PorpkyriUe,    In  the  one 
of  other  rocks  doser  scrutiny  or  the  aid  of  a  pocket  leu 
becomes  necessary  to  enable  us  to  recognise  their  czyBtali, 
and  these  are  known  as  the  Mtero-erpHallins,  or  Fmtlff 
CryBtdlUne.    Lastly,  there  are  the  Crypto  or  Ohwurdy  Oyi- 
talline  members,  in  which  crystals  can  be  detected  only  in 
highly  magnified  transparent  sUces,  and  l^  the  aia  oi 
optical  properties,  such  as  polarisation  and  doable  zefrao^ 
tion. 

Some  rocks,  which  cannot  strictly  be  called  cnystallinfl^ 
have  a  gl(U9y  texture ;  these  are  placed  in  the  present  Bab- 
division  for  reasons  given  a  little  way  back. 

Crystalline  rocks  occasionally  put  on  a  loose  friaUd 
form,  and  are  then  said  to  be  earthy, 

Stractare. — ^AVe  may  next  pass  to  the  various  shapes  cor 
structures  which  Crystalline  rocks  assume.  Some  of  these  can 
be  detec^ttKl  only  by  the  examination  of  large  masses  in  the 
field,  and  belong  to  the  head  of  Petrology.  The  following 
are  recognisable  in  hand-specimens,  and  may  be  noticed 
here. 

Eooks  full  of  little  rounded  cavities,  like  those  pro- 
duced by  the  boiling  up  of  gas  in  a  furnace  slag,  are 
called  Vefticular.  When  the  cavities  are  numerous,  the 
rock  is  said  to  bo  Scoria<^ous  or  Slaglike,  and  in  the  ex- 
treme case,  when  the  hollow  spaces  occupy  the  major  part 
of  the  body  of  the  rock,  to  be  Pumiceous,  We  shall  see 
presently  that  many  of  the  Crystalline  rocks  have  been 
produced,  just  like  slag,  by  the  cooling  of  melted  matter 
that  flowed  out  in  a  fused  condition  ;  in  these  the  vesicles 
are  dragged  out  and  elongated  in  the  direction  of  the  flow ; 
in  other  castas,  when  the  pressure  was  more  nearly  uniform 
in  all  directions  during  consolidation,  the  cavities  approach 
more  nearly  a  spherical  shape. 

The  cavities  of  a  vesicular  rock  are  sometimes  filled  up 
with  minend  matter ;  the  rock  then  is  called  an  Amygda- 
loid,  from  the  resemblance  of  tho  contents  of  the  hollows 
to  almonds. 

Sabdivisions  of  the  Crystalline  Bocks. — ^The  classi- 
fication of  the  Crystalline  rocks  is  a  matter  of  the  gp*eatest 
difficulty.  Tho  variations  in  their  composition  are  all  but 
endless,  and  prosrut  so  many  intermediate  steps  fn)m  one 
form  to  another,  that  it  is  scarcely  ever  possible  to  establish 
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any  two  subdiyisions  between  wliicli  connecting  IttiVw  may 
not  be  found.  The  anxiety  of  some  observers  to  elevate 
evexy  yariety  that  may  have  come  under  their  notice  to  the 
rank  of  a  distinct  species,  has  led  to  an  imnecessary  mul- 
tiplication of  names  ;  and  more  confusion  is  introduced  by 
different  writers  using  the  same  name  for  rocks  of  different 
mineral  composition.*  Still,  if  we  shake  ourselves  clear 
of  minute  details  and  take  a  broad  view  of  the  composition 
of  this  class  of  rocks,  it  seems  possible  to  parcel  them  out 
into  two  main  subdivisions,  sufficiently  marked  in  their 
mineral  composition  to  be  clearly  distinguishable  from  each 
other,  and  a  third  class  partaking  in  some  measure  of  the 
disting^uishing  characteristics  of  the  first  two.  The  exist- 
ence of  this  third  class  of  course  makes  it  impossible  to 
draw  any  hard  lines  between  the  three  classes,  and  in  some 
cases  leaves  it  doubtful  to  which  of  two  subdivisions  a 
particular  rock  ought  to  be  referred ;  but  if  we  neglect 
for  an  instant  these  connecting  forms,  and  fix  our  attention 
on  typical  instances  of  the  two  first-named  subdivisions,  we 
shall  find  these  so  distinct  from  each  other,  and  find  also 
among  the  different  varieties  of  rocks  so  many  that  con- 
form more  or  less  closely  in  mineral  and  chemical  compo- 
sition to  one  or  other  of  them,  that  we  may  usefully  group 
together  the  rocks  that  resemble  one  type  in  one  class,  and 
those  that  resemble  the  other  type  in  a  second  class,  even 
though  we  know  that  between  these  two  classes  there  lies 
a  debatable  groimd,  into  which  each  of  them  merges  by 
almost  insensible  gradations.f 

All  the  Crystalfine  rocks  have  a  Felspar  for  one  of  their 
principal  ingredients,  and  as  the  Felspars  are  divided  into 
the  ffighly  Silicated  or  Acidic  and  the  Poorly  Silicated  or 
Basic,  BO  the  Crystalline  rocks  can  be  divided  into  two  great 
subdivisions,  according  as  their  prevailing  Felspar  belongs 
to  the  first  or  second  of  the  Felspar  families.  The  third 
subdivision  mentioned  partakes  in  some  degree  of  the 
characters  of  both  of  the  two  first. 


*  Fortunately  these  matters  are 
not  as  important  as  might  at  first 
i^ht  appear.  What  the  geolo- 
nt  wants  are  not  the  minute 
Sifbrenoes  insisted  on  by  mine- 
nlogists  and  petrographers,  but 
•ome  broad  leading  groups  in 
wbich  to  arrange  the  rocks  he 
>  with  in  the  field ;  and,  above 


all,  a  careful  account  of  those 
larger  structures  which  enable 
him  to  reason  about  their  orig^. 

t  For  a  very  striking  instance 
of  a  g^dual  passage  from  the 
extreme  type  of  one  of  these 
classes  to  the  extreme  type  of  the 
other,  see  Leonhard's  Jahrbuch 
(1873),  p.  225. 
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Aoidie  Bodlak--The  first  of  these  great  sabdiTisums  is 
known  as  the  Acidic,  Hi^dj  Silieated,  Felspathio^  or 
Tnu'h\'tie  class.  The  Felspar  is  one  of  the  highly  faji^mtM 
species.  Orthoclase  or  Albite,  though  Oligodase  is  nreqnentilj 
present  as  well;  there  is  generally  also  a  porboa  of 
fret^  or  uncombinod  Silica  present  in  the  shape  of  Qnaztz. 
LHhor  miniTuls  may  enter  into  the  composition  of  rocka  of 
this  class ;  but  its  two  distinguishing  charaoteristics  axe 
those  just  mentioned,  the  highly  silicated  character  of  its 
Fi'lHjuir  and  the  presence  of  me  Quarts. 

The  Acidic  rocks  are  poor  in  lime,  Magnesia,  and  IroDf 
and  the  absence  of  these  substances,  which  act  as  fluxes, 
and  their  ri«*hness  in  Silica,  makes  them  difficult  of  fnaioiL 
Their  sjHH'itic  gravity  ranges  from  2*3  to  2*7. 

Bane  Booka. — ^The  second  great  subdivision  is  ktuywu 
as  the  Basic,  Poorly  Silicated,  Magnesian,  HomUendic^ 
I^Toxeiiic.  Basaltic,  or  Dioiitic  dass. 

'Die  Felspar  may  be  Oligoclase,  but  is  more  frequently 
T^abnult  trite.  Anorthite,  or  some  basic  form,  and  Hornblende 
or  Aujrite  is  von*  generally  on  important  ingredient.  No 
I'rei*  Siliia  is  present  as  a  coustituent  mineral,  but  Quartz 
luav  iHH'ur  as  an  accessorv. 

(.\»m pared  with  the  former  class  these  rocks  are  poor  in 
Silica,  and  ritli  in  Lime,  Mamiesia.  and  Iron.  Hence  they 
are  the  more  readily  fusible  of  the  two  classes.  Their 
spiH'itic  gravity  rang«'s  from  2*7  to  3*1,  so  that  they  are  also 
the  heavier  of  the  two. 

Tlie  extronio  and  ty]ncal  rocks  of  the  Acidic  and  Basic 
classes  an»  widely  removed  and  clearly  distinguishable  from 
(^acli  other  ;  as  has  been  mentioned  however  there  are 
many  rtxks  of  an  intermediate  character  which  form,  con- 
necting links  between  the  two,  and  for  the  reception  of 
some  of  these  an  intermediate  class  may  be  established^ 
though  it  is  altogether  impossible  to  say  exactly  where  its 
boundaries  on  either  side  are  to  be  drawn.  Perhaps, 
how(^vt»r.  the  following  may  bo  taken  as  the  broad  ms- 
tiuguisliing  characteristics  of  each  class. 


A. — ^Acidic  Class. 

Composed  of  highly  silicated  Felspar  with  Quartz. 
Relatively  light  and  infusible  as  compared  with  the  Basic 
rocks. 
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B. — ^LffTEBMEDIATE    GlASS. 

Composed  of  highly  Bilicated  Felspar  without  Quartz,  or 
of  Basic  Felspar  with  free  Quartz. 

C. — ^Babic  Glass. 

Composed  of  poorly  silicated  Felspar  with  Hornblende 
or  Augite.  No  free  Quartz.  Belatiyely  heavy  and  fusible 
compared  with  the  Acidic  rocks. 

A  very  usefid  rough-and-ready  test  for  determining  to 
which  class  a  crystalline  rock  is  to  be  referred  is  furnished 
by  the  crust  formed  on  the  outside  by  the  action  of  the 
weather.  The  weathered  surface  of  an  Acidic  rock  is  very 
usually  white  owing  to  the  decomposition  of  its  Orthoclase ; 
the  large  proportion  of  iron  in  the  Basic  rocks  by  its  oxida- 
tion generally  stains  their  weathered  crust,  often  to  a 
considerable  depth,  brown  or  red.  They  also  frequently 
effervesce  with  adds  in  the  cracks  and  crevices  of  the  surface, 
owing  to  the  formation  of  Carbonate  of  Lime  out  of  the 
constituents  of  their  Lime  Felspars.  These  tests  are  not 
infallible,  but  in  a  majority  of  cases  they  may  be  relied 
upon. 

In  the  following  table  the  average  composition  and 
specific  gravity  of  the  rocks  of  each  class  is  given. 


1 

Specific 
Orav. 

Silica. 

Aln- 
mina. 

1 

Potash 

and 

Soda. 

LimeA; 
Mag- 
nesia. 

Oxides 
of  Iron 
&  Man- 
ganese. 

Water, 
Arc. 

Addic  Bocks  .... 

2-6 

74 

12 

7 

2 

3            2 

^Intennediate  Rocks. 

2-4 

58 

17 

8 

8 

7    1      2 

B«sic  Bocks 

2-9 

49 

17 

4 

15 

13 

2 

It  is  easy  to  see  to  a  certain  extent  how  these  subdivi- 
sions arose,  and  why  the  component  minerals  of  the 
crystalline  rocks  do  not  occur  indiscriminately,  but  are 
associated  together  according  to  broad  general  laws. 

In  some  cases  there  has  been  Silica  enough  to  form  the 
most  highly  silicated  compounds  possible,  and  some  to  spare 
besides  ;  in  these  accordingly  the  highly  silicated  Felspars 
prevail,  and  the  superfluous  Silica  appears  as  Quartz ;  in 
other  cases  the  Silica  was  not  so  plentif  id,  there  was  only 
enough  to  form  poorly  silicated  compounds,  and  all  there 
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was  was  used  up  in  doing  this ;  here  fherefore  we  find  bade 
Felspars  and  no  free  Quartz.  Why  magnesian  ailicates 
should  be  so  much  more  hirgelj  assooiated  with  basio  than 
with  acidic  Felspars  is  not  so  easy  to  explain :  the  student 
may  consult  Durocher's  speculations  on  tnis  point,  whidi  he 
will  find  veiy  carefully  and  lucidly  explained  in  Prof. 
Hau{?hton's  '*  Manual  of  Geology,"  chap.  i.  Appendix  A. 
We  must  warn  him,  however,  mat  some  of  the  brilliant 
Frenchman's  facts  are,  to  say  the  least,  doubtful,  and  others 
are  capable  of  a  very  different  explanation  from  that  he  puts 
on  tliem. 

The  scheme  of  classification  just  described  depends,  it 
will  be  seen,  mainly  on  the  proportion  of  Bilica  in  each 
variety  of  rock.  Other  authors  have  subdivided  the  crystal- 
line rocks  according  to  the  Felspar  which  predominates  in 
them.  These,  and  other  like  systems,  rest  on  a  purely 
mineralogieal  basis,  and  it  will  be  found  that  they  all  alike 
lead,  when  we  come  to  details,  to  more  or  less  vagueness  of 
definition  and  confusion  of  nomenclature. 

To  a  certain  degree  possibly  this  must  always  be  the  case. 
The  composition  of  a  large  rock  mass  varies  in  many  cases 
so  much  from  point  to  point,  that,  if  we  trust  merely  to 
mineral  composition,  it  is  impossible  to  fix  on  a  name  that 
will  be  applicable  to  all  parts  of  it,  and  yet  there  may  be 
satisfac^ry  geological  evidence  that  aU  the  varieties  were 
produced  at  the  same  time  and  fundamentally  by  the  same 
operation,  and  that  their  differences  must  therefore  be  from 
a  geological  standpoint  accidental.  Hence  arises  a  constant 
clashing  between  mincralogical  and  geological  classification; 
as  yet  we  have  onl}^  the  first,  but  the  time  may  come  when 
an  arrangement  of  the  rocks  now  under  consideration  on  a 
true  geological  basis  will  be  possible,  and  then  wo  may 
hope  that  many  of  the  present  seeming  contradictions  will 
vanish.  The  right  thing  seems  to  be  to  look  upon  all  the 
present  schemes  of  classification  of  the  crystalline  rocks  as 
probably  artificial,  something  like  the  Linnrean  system  in 
Botany,  and  to  wait  patiently  till  a  more  extended  know- 
ledge enables  some  one,  who  shall  be  at  once  a  great 
petrographer  and  a  great  geologist,  to  establish  a  natural 
system,  which  shall  pay  regard  first  and  foremost  to  the 
method  of  formation  of  the  rocks,  and  look  upon  their 
mineral  composition  as  merely  subsidiary. 

One  instance  will  perhaps  make  these  remarks  more 
inteUigiblo.  Of  the  large  class  of  Acidic  roc^ks  grouped 
together  as  Felstones,  some  have  been  lava  streams  poured 
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out  in  the  open  air,  some  have  consolidated  from  a  fused 
state  at  great  depths  below  the  surface,  and  some  are  rocks 
originally  non-crjstalline  that  have  been  rendered  crystal- 
line by  heat ;  of  the  differences  between  these  three  kinds 
of  Felstone  a  mineralogical  classification  takes  no  note,  so 
long  as  they  agree,  which  they  often  do,  in  mineral  com- 
position; whereas  a  natural  system  would  at  once  place 
them  in  distinct  and  widely  separated  classes. 

We  will  now  pass  to  some  of  the  more  prominent  exam- 
ples of  the  three  classes  of  crystalline  rocks. 


A. — ^Acmic  Hocks. 

According  to  the  nomenclature  now  in  use  the  rocks  of 
this  dass  may  be  grouped  under  three  heads,  Quartzoae  Tra- 
ekytes,  FehtoneSy  and  Granites.  All  are  essentially  mixtures  of 
Qnartz  and  Orthoclase ;  Oligoclase  is  also  frequently  present 
to  a  considerable  amount ;  some  of  the  members  contain 
besides  Mica  and  Hornblende,  sometimes  as  accessories, 
sometimes  in  sufficient  quantity  to  make  these  minerals 
essential  constituents.* 

Each  of  the  three  families  into  which  we  have  divided 
the  Acidic  rocks  contains  varieties  distinguished  either  by 
difference  of  texture  or  structure  or  by  sGght  variations  in 
mineral  composition.  The  last  consist  mainly  in  the  addi- 
tion of  certam  accessory  minerals  to  the  normal  constituents 
of  the  rock,  and  have  not  yet  been  shown  to  be  of  s^eological 
value.  But  we  have  already  hinted,  and  shall  show  more 
fully  further  on,  that  the  texture  of  a  crystalline  rock  is  a 
matter  of  the  utmost  importance,  because  it  indicates  the 
conditions  under  which  the  rock  was  formed.  It  is  there- 
fore on  differences  in  texture  and  structure  that  we  shall 
lay  especial  stress. 

To  take  one  instance.  In  the  case  of  the  Trachytes  we 
have  the  following  variations  depending  on  texture  or 
grain: — 

Porphyritic  Trachyte. 
Macro-crystalline  Trachyte. 
Micro-crystaUine  Trachyte. 
Crypto-crystalline  Trachyte  or  Rhyoltte. 
Glassy  Trachyte  or  Obsidian. 

*  For  Analyses  of  the  Acidic  Bocks,  see  the  table  on  page  49. 
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Other  Yorieties  depending  on  struoture 

Yesicular  Trachyte  or  MtUstane  Fdrpkyrff. 
PumiceouB  Trachyte  or  JPumiee. 
ConcretionMy  Trachyte  or  PerliU. 
Laminated  tirachyte  or  PhmoliU. 

Now  some  of  these  yarieties  axe,  as  far  as  eoctenial 
characters  go,  so  utterly  unlike  one  another,  that  litbolo- 
mcally  they  are  separate  rock  spedes  and  have  reoeived 
distinct  names.  Obsidian  is  gtass,  Bhyolite  a  oompacfc 
flinty  stone,  Millstone  Porphyry  a  rough  cavemous  zock, 
and  no  one  would  suspect  from  the  look  of  these  three  rocks 
that  tlicy  had  anythii^  in  common.  But,  for  all  that,  they, 
and  the  other  varieties  named,  are  really  only  the  same 
rock  under  different  forms.  They  agree  in  ultimate 
chemical  composition  and  are  made  up  of  uie  same  minerals, 
and  each  form  can  be  observed  to  pass  into  the  one  next  to 
it  by  insensible  gradations.  And  when  we  come  to  pass 
from  more  lithological  classification  to  an  inquiiy  into  the 
way  in  which  these  rocks  were  formed,  we  shall  find  that 
the  origin  of  the  different  varieties  was  this.  All  are  rocks 
wliieb  were  once  in  a  moltt^d  state ;  where  the  fused  mass 
was  cooled  quickly,  it  took  the  form  of  a  glass  or  Obsidian ; 
where  the  cooling  was  somewhat  slower  but  yet  not  slow 
enough  to  allow  of  the  formation  of  cr^'stals  of  any  size,  a 
compact  rock,  Ehyolite,  was  the  result ;  and  as  tlie  rate  of 
cooling  became  less  raj)id,  the  rock  became  more  obviously 
crystalline,  and  the  more  coarsely  grained  varieties  were 
produced.  It  is  very  conveni(>ut  to  distinguish  these 
different  forms  by  different  nanies ;  but  the  student,  when 
he  uses  these  names,  must  carefully  keep  before  liis  mind 
that  the  rocks  denoted  by  them  are  in  spite  of  differences 
of  condition  all  Trathj'tes.  He  may  talk  of  Obsidian,  but 
he  must  always  think  of  it  as  Glassy  Trach}i:e. 

In  the  case  of  some  crystalline  rocks  we  have  a  j)erfect 
series  from  the  glassy  to  the  most  coarsely  crystalline  form ; 
in  others  the  series  is  not  complete,  some  terms  having  not 
been  observed  to  occur. 

A  a. — Quarfzose  TrachyUs. 

Tlip  more  coarsely  crystalline  of  these  rocks  consist  of 
crystals  of  Sanidine  and  less  abundantly  of  Oligoclase,  with 
crystals  and  grains  of  Quartz,  embedded  in  a  paste.  MicA, 
and  more  rarely  Hornblende,  occur  in  them  occasionally. 
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The  paste  is  an  i&timate  mixture  of  Orthoclase  and  Quartz, 
and  is  often  rough  and  cellular.  The  grain  varies  through 
all  degrees  of  coarseness ;  sometimes  the  crystals  are 
numerous  and  large  enough  to  make  the  rock  porphyriticy 
and  from  this  form  all  gradations  may  be  met  with  down 
to  a  rock  which  may  be  called  micro-ciystalline.  Where 
the  matrix  is  open  and  cellular,  the  rock  yields  millstones. 
and  has  been  called  Millstone  Porphyry, 

By  a  gradual  decrease  in  the  coarseness  of  the  grain  we 
pass  to  the  compact  or  crypto-crystalline  form  of  Trachyte, 
which  has  been  called  BhyoUte,  This  rock  is  compact, 
flinty,  and  sometimes  half-glassy ;  it  is  composed  of  Quartz 
and  Orthoclase  so  intimately  mixed,  that  no  grains  or 
cryBtals  can  be  detected  except  in  highly  magnified  trans- 
parent slices.  It  is  occasionally  rendered  porphyritic  by 
the  presence  of  crystals  of  Sanidine,  Oligoclase,  Mica,  and 
Quartz. 

The  glassy  form  of  Trachyte  is  called  Obsidian.  This 
rock  has  the  apx>earance  and  lustre  of  glass,  with  a  con- 
choidal  fracture,  and  is  usually  of  a  black  or  dark  brown 
colour.  It  has  sometimes  the  look  of  a  true  homogeneous 
glass,  though  eren  in  this  case  the  microscope  shows  very 
minute  crystals  in  it;  sometimes  it  becomes  porphyritic 
by  the  presence  of  small  visible  crystals  in  its  glassy 
matrix ;  and  sometimes  it  has  a  vesicular  or  blistered 
etrueture. 

The  next  form  we  have  to  notice  is  Pumice^  a  rough 
^assy  rock,  traversed  in  every  direction  by  cracks  and 
cavities,  and  made  up  to  a  large  extent  of  connected,  thread- 
like masses.  It  is  the  hardened  froth  or  foam,  that  formed 
<m  the  surface  of  the  seething  mass  of  Trachyte  in  a  state 
o!  fusion. 

The  following  rocks  ag^e  very  closely  in  chemical  com- 
position with  the  Quartzose  Trachytes,  but  at  the  same 
time  possess  peculiarities  of  structure  which  entitle  them 
to  special  notice  and  distinctive  names. 

Perlita. — ^Typical  Perlite  is  a  rock  made  up  of  rounded 
gnoiTiles  or  small  nodules,  of  all  sizes  up  to  that  of  a  nut, 
of  glassy  or  enamel-like  matter,  with  a  composition 
^pproaclung  that  of  Trachyte.  The  gp'anules  consist  of  a 
ttwnber  of  thin  concentric  shells  fitting  one  upon  another 
like  the  coats  of  an  onion.  The  surfaces  of  the  spheroids 
We  usually  a  pearly  lustre,  whence  the  name. 

There  are  many  allied  rocks  which  possess  in  a  greater 
^  1<»8  degree  the  typical  characteristics  of  Perlite.     Some- 
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times  tho  little  spheroids  run  into  one  another  till  they 
become  scarcely  distinguishable,  and  the  rock  then 
approaches  very  closely  to  Pitchstone  or  Obsidian ;  other 
rocks  form  a  passage  from  Perlite  into  the  more  (ndinary 
forms  of  Traclijie. 

Sphaemlitio  Traolijrta. — ^The  word  Bphaerulite  is  used 
to  denote  ball-shaped  masses  often  met  wit}i  in  rocks, 
oompo8e<i  of  bimdles  of  fibres  or  fibrous  cxystals  radiatins 
out  m  all  directions  from  a  centre,  which  is  often  occupiea 
by  a  cr}'stal  or  granule  of  quartz,  felspar,  or  ^ome  other 
minorul.  Sphaerulites  may  at  the  same  time  possess  an 
oniou-like  arrangement  of  concentric  coats,  though  this 
structure  is  often  only  revealed  by  weathering ;  they  may 
be  of  any  size  from  microscopic  dimensions  up  to  many 
feet  in  diameter.  Some  Trachytes  put  on  sphaerulitio 
structure  in  the  mass,  consisting  occasionally  of  scarcely 
amiliing  but  si^heroids  loosely  aggregated  together;  in 
the  case  of  others,  Sphaerulites  occur  embtnided  in  a 
paste  ;  when  the  paste  is  perlitic  in  character  the  rock  is 
allied  to  Perlite,  and  has  been  called  Sphaerulitic  Perlite  ; 
when  this  charact(*r  is  absent,  it  has  been  thought  desir- 
able to  distinguish  the  variety  by  a  separate  name. 

Laminated  Trachyte. — Tliis  is  a  variety  witli  platy 
structure,  wliich  gives  tho  rock  a  tendency  to  split  into 
slabs. 


Just  as  the  average  Trach}*te  is  a  mixture  of  Quartz  and 
Sanitline,  the  average  Felstone  is  a  mixture  of  Quartz  and 
Ortlioelase.  Professor  Haugliton  has  determined  by 
analysis  and  calculation  the  compositions  of  five  felstones 
with  the  following  results.* 


1 

Quartz 
Orthoclase 

Maximum  of 
Quartz. 

Minimum  of 
Qujirtz. 

Mean 
composition. 

,    45-54 
5416 

20-51 
76-65 

34-09 
64-44 

Tlic  Quartz  is  usually  mixed  up  so  intimately  in  the  body 
of  tlie  rook  in  Felstone  that  no  distinct  gniins  of  it  can  be 
detected  by  the  eye. 

*  On    the    Lower    Palaeozoic      T.  Bccto  Jnkos.     Trnnsact.  Royal 
Rocks  of  the  Soutli-East  of  Ire-       Irish  Academy,  xxiii. 
land,  by  Proft-Sfior  Iluughton  and 
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The  glassy  form  of  Felstone  is  known  as  Pitchstone  or 
Retinite.  This  is  a  compact  resinous  or  half -glassy  rock, 
with  a  strong  resemblance  to  solid  pitch,  and  an  imperfectly 
conchoidal  n'actiire.  Except  that  it  contains  a  larger 
percentage  of  water  it  agrees  closely  in  composition  with 
Felstone  in  some  cases  and  Trach3rte  in  others,  and  there 
can  be  little  doubt  that  it  is  the  glassy  form  of  a  Felsitic  or 
Trachytic  rock.  It  therefore  co^rres^wnds  to  Obsidian.  As 
in  the  case  of  Obsidian,  microscopic  examination  shows 
that  even  the  most  glass-like  forms  of  the  rock  are  full  of 
minute  needle-shaped  crystals. 

Like  Obsidian,  Pitchstone  becomes  occasionally  porphyritic 
by  the  presence  in  the  glassy  matrix  of  crystals  or  crystal- 
line grains  of  Felspar,  grains  of  Quartz,  and  sometimes 
plates  of  Mica. 

Compact  or  crypto-crystalline  Felstone  is  known  as  Fel- 
Mtte  rocky  PetrMilex,  or  Eurite ;  it  is  a  hard,  compact,  flinty- 
looking  rock,  homogeneous  in  texture,  with  a  splintery  or 
sometimes  imperfectly  conchoidal  fracture.  The  most 
compact  varieties  resemble  very  closely  Flint  or  Homstone, 
and  hence  the  name  Petrosilex  was  given  to  it,  under  the 
idea  that  it  was  composed  mainly  of  Quartz ;  it  is,  how- 
ever, really  an  intimate  mixture  of  Silica  and  Orthoclase. 

The  term  Fehite  is  usually  confined  to  aggregates  of 
Quartz  and  Felspar  of  so  close  and  compact  a  texture,  that 
no  crystals  or  grains  can  be  detected  on  a  fresh  fracture, 
and  whose  composition  can  be  ascertained  only  by  micro- 
scopic examination  and  chemical  analysis.  This  is  one 
extreme  form  of  Felsite  rock;  varieties,  however,  often 
occur  which  become  imperfectly  porph^Titic  by  the  appear- 
ance of  separate  crystals  of  Quartz  and  Felspar  in  a 
f  elidtic  matrix. 

By  gradations  of  this  sort,  and  the  gradual  increase'  in 
number  of  the  contained  crystals,  we  pass  on  to  the  next 
important  variety,  Parphyritie  Felstone j  the  Felsite  Porphyry 
of  the  Germans.* 

The  paste  of  this  rock  is  identical  with  Felsite  rock 
itself,    consisting    of    an    intimate,    compact  mixture    of 

*  The  first  of  these  terms  seems  a  subsidiary  accident,    and    the 

preferable  to  the  second  for  the  accidental    character  should   be 

following  reasons.    The  essential  denoted  by  an  adjective.    Thus 

fact  about  the  rock  is  that  it  is  a  we  do  not  call  a  very  tall  person 

Felstone,  the  porphyritic  arrange-  a  Human  Qiant,  but  a  Gigantio 

of  its  constituents  is  merely  Man. 
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Orthoclase,  or  Ortihoclase  and  Oligoclase,  with  Quartz; 
embedded  in  the  paste  are  GrystalB  or  ei^Btalline  ffrains  of 
Quartz  and  Orthodase,  and  in  some  varieties  of  SiELnidine, 
Oligoclase,  and  occasionally  Mica. 

when  the  matrix  is  exoessiyely  f elsitic  with  a  splinteiy 
fracture,  and  hard  enouch  to  strike  fire  with  steel  and  to 
be  scratched  only  with  aifficuliy  by  rock  crystal,  the  rode 
is  called  Porphyritie  JTonufone.  A  variety,  whose  matrix 
has  a  dull  and  uneven  fracture  and  is  more  evidently  cxys- 
talline  than  the  last,  is  the  typical  Porphyritie  FeUiom. 
When  the  matrix  is  dull  and  earthy,  the  rode  is  known  as 
Porphyritie  Clayatone :  this  form  is  probably  the  result  of 
decomposition.  In  most  Felstone  the  Quartz  is  so  inti- 
mately mixed  up  with  the  Felspar  as  not  to  be  separately 
recognisable  by  the  eye,  and  where  it  is  separated  oat 
it  usually  occurs  in  rounded  lumps ;  one  variety,  however, 
contains  crystals  of  Quartz  embedded  in  a  felsitic  paste. 
This  rock  is  somotunos  called  by  the  objectionable  name  of 
Quartz  Porphyry  ;  perhaps  Ehanite  might  be  used  to  dis- 
tinguish it. 

The  majority  of  tho  Felstones  are  compact  rocks,  but 
occasionally  thoy  show  a  porous  and  vesicular  texture; 
8uch  occur  in  the  Thurinp^crwald  and  elsewhere,  and 
are  worked  for  millstones,  whence  tlieir  name  **  millstone- 
porphyry."  It  does  not  seem  to  be  satisfactorily  made 
out  whether  the  peculiar  texture  of  these  rocks  is  original, 
or  whether  it  is  due  to  decomposition ;  if  the  first  is  the 
case,  they  would  take  the  same  place  among  the  Felstones 
that  Pumice  occupies  among  the  Trachytes. 

Felstones  also  occur  with  a  globular  concretionary 
structure,  corresponding  in  some  degree  with  the  simila^ 
varieties  of  Tracnj'te. 

Schistose  Felstones,  splitting  into  slabs,  are  also  met 
with,  and  may  be  analogous  to  the  laminated  form  of 
Trachyte.  It  is  somewhat  doubtful  in  many  cases  how 
far  this  structure  is  original  and  how  far  it  is  due  to  a 
rearrangement  of  the  particles  of  the  rock  after  its  forma- 
tion, by  which  it  had  a  tendency  given  to  it  to  split  into 
slabs.  "We  shall  see  by-and-by  that  many  rocks  have 
had  this  structure,  which  is  known  as  cleavage,  set  up  in 
them  by  being  subjected  to  great  pressure. 

Some  scliistose  Felstones  are  undoubtedly  cleaved,  but 
in  the  case  of  some  of  the  corresponding  Trachytic  forms 
it  soems  so  impossible  that  they  can  have  been  subjected 
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to  the  pressure  necessary  to  produce  cleavage  that  we 
must  look  on  these  platy  structures  as  original.* 


A  e. — Granites, 

The  Granite  group  includes  two  principal  varieties, 
(}ranite  proper  and  Syenitic  or  Homblendic  Granite. 

GraniU. — A  coarse  crystalline  mixttire  of  Felspar, 
Quartz,  and  Mica.  The  Felspar  and  Quartz  are  mingled 
into  an  aggregate,  through  which  the  Mica  is  strewn  about 
without  any  order  or  arrangement. 

The  Felspar  is  often  all  Orthoclase,  but  many  Granites 
contain  Oligoclase  as  well;  the  latter,  however,  is  never 
found  alone.  In  the  Granite  of  the  Moume  Mountains  in 
Ireland,  Professor  Haughton  found  Albito  ^'incrusting 
the  interstices  of  the  Orthoclase  and  Quartz  in  the  cavities 
of  the  rock,"  euid  **in  the  body  of  the  rock  itself  in  small 
quantities."  f 

The  Quartz  rarely  occurs  crystallised ;  usually  as  glassy 
lumps,  which  fill  up  the  spaces  between  the  other  minerals, 
and  are  sometimes  seen  to  have  moulded  themselves  on  the 
latter. 

The  Mica  is  more  usually  the  white  Potash  Mica  than 
the  dark  Magnesian  Mica. 

The  grain  of  Granite  shows  every  degree  of  variety, 
from  close  and  compact  up  to  excessive  coarseness.  The 
more  finely-grained  varieties  occur  most  plentifully  in 
veins  or  on  the  edges  of  large  masses ;  in  such  cases  we 
frequently  find  the  Granite  to  become  gradually  finer  and 
finer  in  grain,  and  to  lose  its  Mica  by  degrees,  till  at 
W  it  passes  first  into  Elvanite,  and  then  by  insensible 
frradation  into  a  rock  indistinguishable  from  compact 
Febrtone. 

The  large-grained  Granites  usually  owe  thcnr  coarseness 
to  the  presence  of  large  crystals  of  Orthoclase  ;  sometimes 
the  latter  contrast  so  strongly  in  size  with  the  other  mate- 
rials as  to  give  the  rock  a  porphyritic  aspect.  In  the 
^ety  known    as  Gh^phic  Granite  the  Orthoclase  and 


*  The  rock  called  Ilalleflinta 
uidiome  other  schistose  felspathic 
wc^»,  which  are  usually  put 
*nH)ng  the  FeUtoncs,  seem  to  be 
'Jnqtteationably  altered  rocks,  and 
i&Qil  he  placed  a^ong  the  rocks 


hereafter    to    be    described    as 
Metamorphic. 

t  Q.uart.  Joum.  Geol.  Soc.  of 
London,  zii.  190 ;  Geological 
Magazine,  vi.  561. 
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Quartz  are  arranged  somewliat  in  alternate  plates,  and  the 
latter  penetrates  the  former  in  such  a  way  that  a  sectiao 
perpendicular  to  the  lamina  shows  figures  which  havB 
been  compared  to  Hebrew  characters. 

Variation  in  the  proportion  of  the  constituents  and  the 
presence  of  accidental  minerals  give  rise  to  numerons 
varieties  of  Granites,  which  petrologists  have  honoured 
\dth  distinct  names ;  all  the  principu  varieties,  however, 
]>a8B  into  one  another,  and  none  of  them  seem  entitled  to 
the  distinction  of  being  considered  weU-marked  rock 
species. 

Syenitie  Granite. — ^If  the  Mica  of  Ghranite  is  aooompamed 
or  replaced  by  Hornblende,  the  rock,  according  to  the 
nomenclature  in  use  in  England,  is  called  Syenite.  The 
German  petrographers,  however,  usually  call  such  a  rock 
Syenitic  or  Homblendic  Granite,  and  define  Syenite  to  be 
a  crystalline  compound  of  Orthodase  and  Hornblende.  It 
Beems,  however,  that  there  are  numerous  connecting  links, 
caused  by  the  p^raduol  disappearance  of  the  Quartz  and 
Mica,  between  Homblendic  Granite  and  the  Syenite  of  the 
Gennnns. 

Chemical  and  Uineral  identity  of  ▲cidic  Sockg^— 
Th(i  description  given  of  the  chief  varieties  of  Trachyte  and 
Felstone  point  to  a  strong  resemblance  in  mineral  compo- 
sition and  in  petrologicad  structure  between  these  two 
rocks.  The  analyses  given  below  confirm  this  idea,  and 
all  the  facts  lead  to  the  belief  that  the  two  are  in  all 
essential  2)articidar8  one  and  the  same  rock,  and  that  any 
<liff(Tenoe8  that  do  exist  between  them  are  due  either  to 
Iho  (conditions  under  which  they  were  formed  or  to 
rliai»g*»rt  that  have  been  impressed  upon  them  since  their 
formation.  Granite  again  differs  from  these  two  rocks 
iiuiinly  in  two  respects :  first,  it  contcdns  a  considerable 
pn)iH)rtion  of  Mica,  a  mineral  which  is,  however,  occa- 
Hioually  pn^sont  in  both  of  them ;  secondly,  in  Granite  the 
ihiart/  usually  ixvurs  in  masses  large  enough  to  be  easily 
rtH'ognis^Hl,  while  in  most  of  the  Felstones  and  Trachytes 
it  is  so  iutimatt»ly  luixtni  up  with  the  Felspar  of  the  paste 
as  not  to  be  dottn^ttnl  by  mere  inspection ;  some  of  the 
Uuartx  Traohyti^,  liowever,  and  the  variety  of  Felstone 
\\\\w\\  has  luvn  distinguishinl as Elvanite,  approach  Granite 
iu  the  tliMrihution  of  their  Quartz. 

Teztural  Varieties  pass  into  one  another. — We 
mn>  say  thtMi.  that,  as  far  as  mineral  and  chemical  compo- 
hititMi  gx*.  all  tht^  momhors  of  the  Acidic  class  of  Crj'Btol- 
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line  rocks  are  almcMst  identically  the  same,  the  yariations 
which  they  show  in  these  two  respects  being  confined 
within  veiy  narrow  limits ;  and  it  is  mainly  on  the  score 
d  textnre  that  the  several  species  are  separated  from  one 
Uiother  and  receive  different  names.     And  in  this  respect 
*tt  is  instructiye  to  note  how  the  different  forms  can  be 
vranged  in  a  series,  such  as  is  given  in  a  tabular  form 
below,  which  shows  the  most  complete  and  gradual  passage 
bom  one  extreme  to  the  other.    At  one  end  stand  the 
ooaisely-grained  Granites  and  some  of  the  rougher  forms  of 
Quartz  Trachyte ;  a  little  finer  than  these  are  Mvanite,  Por- 
phyritic  Felstone,  emd  ordinary  Quartz  Trachyte ;  these  last, 
&8  the  grain  becomes  by  degrees  smaller  and  smaller,  pass 
insensibly  into  the  flinty  Felsites  emd  Bhyolites ;  at  last, 
by  going  still  in  the  same  direction,  we  reach  the  perfect 
^^  of  Pitehstone  emd  Obsidian.     And  this  is  no  mere 
fanciful  arrangement,  it  is  the  very  order  in  which  rocks 
<rf  this  class  are  often  found  to  occur  in  nature.     The  out- 
ode  of  a  body  of  crj-stalline  rock  often  consists  of  a  wall 
0^  Ktchstone;   further  in  the  mass  the  rock  gradually 
Di^rges  into  Felsite ;  and  this,  as  we  get  well  into  the  heart 
of  tike  mass,   becomes  more  distinctly  crystalline  till  it 
Passes  into  one  of  the  coarsely-grained  forms. 

The  fact  just  stated  is  so  full  of  meaning  that  we  have 
thought  it  well  to  place  it  here  before  the  reader,  though 
by  good  rights  it  belongs  to  a  more  advanced  stage  of 
^logy  than  Lithology,  and  we  will  further  anticipate  by 
Planting  out  its  meaning.  "We  shall  learn  by-and-by 
"^t  the  crystalline  mass  was  once  thrust  in  a  melted  state 
"^ugh  the  rocks  which  surround  it ;  the  outside  portions, 
^Mch  touched  the  cold  rocks  on  either  side,  cool^  fastest 
^assumed  a  glassy  form ;  then  comes  a  space  where  the 
cooling  was  slower,  but  yet  not  slow  enough  to  allow  of 
^  formation  of  distinct  crystals ;  in  the  interior,  from 
JJ^th  the  heat  escaped  very  slowly,  there  was  time  enough, 
before  the  mass  cooled,  to  allow  of  the  formation  of  large 
*^d  numerous  crystals,  and  the  rock  put  on  a  coarsely- 
S^ed  crystalline  texture. 

That  the  above  explanation  is  true  in  many  cases  there 
^  be  Uttle  doubt :  in  other  cases,  however,  it  is  possible 
^  the  molten  mass  contained,  when  it  was  poured  out, 
^^Wala  previously  formed  in  it,  or  derived  from  the 
adjoining  rocks.* 

*  Scrope,  Volcanoes,  pp.  116, 117. 
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Table  sHownco  trk  Pabsaob  from  tub  Glassy  into  the  Coarbely 
Cktbtalldtb  Fobhs  of  thb  Acidic  Bocks. 


IteobjlH. 

O'lamnr  T'orm »• 

OUiUm. 

MHimig, 

Compact  Form 

Rh^t$. 

IMnte. 

Grystalliiie  Forms 

Or&mmUurmtd 

vimiwMir  ■■■• 
AlrtMM. 

Coanely  Crystalline  Forms. 

B. — Intebmbdiatb  BoCfKB. 

Of  the  endloBs  varieties  of  rooks  fliat  may  be  plaoed 
under  this  head  the  following  have  been  seleoted  at  tha 
oommonest  and  most  typicaL 

QuarhleM  TVachyUt. — ^Theee  rooks  contain  Banidina^ 
sometimes  Oligodase  as  well,  and  yeoty  frequently  Horn- 
blende and  Mica  ;  but  no  grains  or  crystals  of  Qnazti  of 
recognisablo  Bize  occur  in  them,  though  possibly  Quaita 
may  enter  into  the  composition  of  their  paste.  The  cr3r8tal8 
of  the  component  minerals  are  set  in  a  rough,  porous, 
felspathic  paste.  The  Quartzless  Trachytes  have  been 
subdivided  into  Sanidine-Trachytes,  which  contain  no 
Oligoclase,  and  Sanidino-01igocla80-Trach3rtes,  in  which 
that  mineral  is  present. 

Andesite. — The  descriptions  given  by  different  petrolo- 
gists  of  this  rock  are  very  conflicting,*  but  the  name  is  now 
very  generaUy  applied  to  rocks  which  differ  from  Trachyte 
in  containing  no  Sanidine,  but  only  Triclinic  Felspar. 
Hornblende,  Augite,  and  Mica  are  frequently  additional 


•  See  Cotta,  Hocks  Classified 
and  Described  (Englii^h  Transla- 
tion), p.  191.  Such  discrepftncios 
as  those  described  in  the  passage 
referred  to,  between  the  descrip- 
tions given  by  authors  of  un- 
doubted ability  and  trustworthi- 
no86  of  the  mineral  composition 
of  the  same  rock,  are  at  first  not  a 


little  disheartening.  But  they 
will  not  seem  so  startling,  if  we 
reflect  that  no  large  body  of  rock 
has  anything  like  a  uniform  com- 
position, and  that  the  examination 
of  hand-specimens  tiiken  from 
spots  some  way  apart  may  give 
results  widely  difibring  from  each 
other. 
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constituents,  and  Andesites  have  been  divided  into  Hom- 
blende-Andesites,  Augite-Andesites,  and  Mica-Andesites 
as  one  or  other  of  these  minerals  prevails  in  them.  The 
Felspar  is  often  Oligodase,  but  Labradorite  and  other 
Tricunic  species  occur  in  some  varieties. 

DatiU. — The  Felspar  of  this  rock,  like  that  of  Andesite, 
is  of  a  basic  type,  but  Dacite  differs  from  Andesite  in  the 
presence  of  free  Quartz,  which  occurs  sometimes  in  large 
irregular  crystalline  grains,  but  sometimes  can  be  detected 
only  by  the  microscope  in  thin  sections. 

Domite  is  an  earthy,  friable  rock,  found  in  the  district  of 
the  Puy  de  Dome  in  Central  France,  probably  an  altered 
(Migodase  Trachyte. 

Chniitone  or  PhonolUe  has  a  scaly  or  slaty  structure,  so 
much  so  at  times  that  it  can  be  split  into  slabs  for  roofing. 
It  is  somewhat  poorer  in  Silica  than  the  generality  of  the 
Trachytes,  but  it  is  geologically  connected  with  Trachyte. 
Nepheline  is  a  mineral  very  generally  present  in  Phonolite. 
It  will  be  recollected  that  analogous  platy  forms  occur 
among  the  Quartzose  Trachytes  and  the  Felstones. 

Some  of  the  Obsidians  and  Pumices  are  the  glassy  and 
frothy  forms  of  Quartzless  Trachytes. 

Minette. — ^This  rock  is  composed  of  an  abundance  of 
Kagnesian  Mica  in  a  felspathic  paste,  whose  composition 
resembles  very  closely  that  of  Orthoclase.  Plates  of 
Orthodase  may  be  occasionally  detected,  and  very  rarely 
grains  of  Quartz. 

The  Mica  is  very  plentiful,  quite  equal  in  quantity  to  the 
paste  usually ;  sometimes  this  mineral  is  so  abundant  that 
the  rock  seems  altogether  made  up  of  it.  The  distinguish- 
ing character  of  this  rock  seems  to  be  its  large  proportion 
of  Mica,  which  distinguishes  it  from  Micaceous  Syenite  and 
other  rocks  composed  of  Orthoclase  and  Mica. 

SyeniU  (of  the  Germans). — This  rock  is  defined  to  be  a 
coarsely  crystalline  mixture  of  Orthoclase  and  Hornblende ; 
it  contains  also  a  triclinic  Felspar  (Oligodase  according  to 
0.  Bose)  very  often.  Mica  frequently,  and  occasionally 
flome  Quartz. 

The  only  difference  between  Syenite  and  the  Homblendic 
form  of  Granite  seems  to  be  that  the  former  contains  very 
much  less  Quartz  than  the  latter ;  in  fact,  in  order  to  entitle 
a  rock  to  the  name  of  Syenite  this  mineral  ought  to  occur 
in  such  small  quantity  as  to  be  no  more  than  accessory. 
Syenite  is  an  admirable  instance  of  the  way  in  which  rocks 


of  tlie  mtermedute  class  form  oonneGldng  Itnlu  betver^' 
those  of  the  Aoidio  avA  Baaio  aabdiTiBions.  Oases  ha-'^' 
been  notioed,  oa  the  tme  haod,  vhare  tho  Quartet  gradualJj 
increBflee,  and  the  rook  passoiinto  an  Uomblocdic  Gtaait^! 
and,  on  ihe  other  hand,  Hia  OiAodflse  him  bccm  f»tmd  *m 
disappear  hy  degrees,  ud  &e  TOoL  to  »diade  off  into  «, 
Dionte. 

Oloeely  allied  to  GlyeDite  is  a  nek  Trliii^Ii  Las  bem  csll^^ 
£ymtb  Porphyry  by  G.  Boee,  and  <i»arhlci>  Orthoclase  P^^ 
phyry  by  Zlrkel.  The  two  ^ffer  mainly  in  texture,  Syeni** 
bfflng  cryetalliiLe  throoghont,  iriiUe  Syenite  Porrihyiy  »* 
Bs  its  name  implies,  mMe  or  lew  porphyritic,  and  consi^^ 
of  crystals  of  Orlhocdase,  Oligodlase,  Hornblende,  slXsJ 
UafFnesian  Mioa,  embedded  in  an  orthodastic  past^*.  ^ 
woQld  |tiobabIy  he  safe  to  look  i^xm  Ibis  rock  a&  a  vari^** 
of  tjyenite,  and  call  it  Poiphyzilio  Syenite. 

0. — ^Babio  Bodu. 

The  rodu  of  this  olass  mi^  be  gnniped  ondai  &•  4BW 
lowing  heads  :— 


(^igoolase  and  HomUratde. 
Compact  form.    AphantU. 
Crystalline  form.     Common  SioriU  and  Porphyriit, 

C  6. — Melaphyret. 

Oligoclaee  and  Augite.* 

Ge.—BtualU. 
Labradorite  and  Augite. 
Glassy  form.     Taekylttt. 
Compact  form.     Common  Batalt. 
Finely  ciystalline  form.     AnameaiU. 
Coarsely  crystalline  forms.      DoleriU,  Ifyper»ihme  Eodt, 
Gahbro. 
Altered  (?)  form.    Diahate. 

Cd.—CortiU. 

Anorthite  and  Augite  or  Hornblende. 
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C  a. — Biorites. 

The  rocks  that  come  under  this  head  are  essentially  mix- 
tures of  Oligodaso  and  Hornblende.  The  Hornblende  may 
be  replaced  by  Mica,  generally  Magnesian  Mica.  Quartz 
is  sometimes  present,  but  the  Quartzless  and  Quartzose 
forms  pass  into  one  another  by  insensible,  gradations,  so 
that  geologically  no  line  of  separation  can  be  drawn  be- 
tween them. 

The  Diorites  may  be  grouped  according  to  their  texture 
under  three  heads : — 

Compact  Diorite  or  Aphanite. 
Granidar  Diorite. 
Porj)hyritic  Diorite. 

Aphanite  is  a  rock,  corresponding  to  Felsite  among  the 
Felstones,  of  so  closely  grained  and  even  a  texture  that  no 
crystals  can  be  detected  in  it  by  the  naked  eye ;  a  perfect 
passage  can  bo  traced  from  it  into  ordinary  Granular 
Diorite,  and  there  can  be  no  doubt  that  it  is  the  compact 
form  of  that  rock.* 

Granular  Diorite  is  the  form  to  which  the  term  Diorite 
alone  is  usually  applied.  It  is  a  mixture  of  crystals  of 
Oligoclase  and  Hornblende,  coarse  enough  to  allow  of  its 
crystalline  texture  being  readily  recognised,  and  fairly 
uniform  in  grain  throughout.  Usually  Granular  Diorite 
contains  a  larger  percentage  of  Hornblende  than  Felspar, 
and  sometimes  the  former  mineral  so  far  predominates  as 
to  make  up  almost  the  whole  of  the  rock. 

Parphyritic  Diorite]  differs  from  the  last  variety  in 
having,  as  its  name  implies,  a  porpbyritic  texture.  Wliereas 
in  Granular  Diorite  no  one  part  of  the  rock  is  more  dis- 
tinctly crystalline  than  the  other,  the  present  form  consists 
of  crystals  set  in  a  compact  paste.  The  paste  is  probably 
Oligoclase,  the  crystals  are  of  the  same  mineral  with  occa- 


♦  The  term  Aphanite  is  not 
always  used  in  the  limited  sense 
here  assigned  to  it.  It  is  often 
made  to  include  all  Basic  rocks  of 
KO  fine  and  close  a  texture,  that 
their  mineral  composition  cannot 
be  learned  by  mere  inspection. 
In  this  wider  sense  many  Apha- 
nites  are  the  compact  forms  of 
Gabbro  and  other  crystalline 
rocks — Basalt  in  fact. 


f  This  is  the  rock  called 
For phy  rite  by  Zirkel.  The 
name  is  not  desirable,  on  ac- 
count of  its  resemblance  to  the 
objectionable  noun  Porphyry ; 
and  it  has  been  used  by  differ- 
ent authors  in  different  senses, 
till  there  seems  little  hope  of 
ever  tying  it  down  to  a  definite 
meaning. 
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Bionally  some  of  Hornblende,  whieh  ia  ia  Bome 
replaced  by  Mica:  The  pa«te  ia  eometimeB  amygdaloidAL 
Toe  Quarbdeea  f onns  of  this  zook  aie  nune  pLantifiil  Huol 
the  Quartzoee. 

These  three  f  onna  of  Diorite  ooRespond  with  the  analo- 
gous yarieties  of  Febtooa  thus  :— 


Apbanite. ' 
Oranalar  Diorite. 
Porphyritio  Dioiite. 


Fcliitd. 

Gimniilar  EBlttooe. 

PocpliTxitio  Fditana. 


Perfect  passages  exist  from  each  f oim  into  ihe  one  next 
to  it,  and,  as  in  the  case  of  the  Fektonesy  there  is  nodonbt 
that  they  are  merely  yaiietiee  of  the  same  rock,  which  have 
assumed  different  textures  on  account  of  a  difference  in 
the  condition  under  which  they  were  f onned. 

In  some  rocks,  which  in  other  respects  oonesp(md  with 
Granular  Diorite,  Qrthodase  is  spanngly  present.  These 
form  connecting  links,  when  they  are  Quartzless,  between 
Diorite  and  Syenite,  and,  when  they  contain  Quartz,  between 
Diorite  and  Homblendic  Granite. 

C  h. — Melaphyres, 

Probably  no  name  has  been  so  ill  used  by  petrographers 
as  that  of  Melaph^TT.  It  has  been  employed  by  so  many 
different  authors  in  different  senses  that  by  itself  it  has 
long  ceased  to  bear  any  definite  meaning.  We  may  how- 
ever usefully  follow  Zirkel  in  limiting  it  to  rocks  composed 
of  Oligoclase  and  Augite  with  some  Magnetite. 

The  grain  of  these  rocks  .yaries.  They  are  occasionally 
porphyritie,  very  frequently  compact,  and  glassy  varieties 
are  said  to  have  been  observed.  They  are  also  very  often 
vesicular  or  amygdaloidoL  As  the  name  imjilies,  the 
colour  is  usually  dark. 

C  e. — Basalf4t. 

The  rocks  grouped  under  this  head  are  essentially  mix- 
tures of  Labradonte  and  Augite,  or  some  augitic  mineral ; 
they  also  contain  Titanif  er6us  Magnetite.  In  some  varietieB 
the  Labradorite  is  replaced  by  Nepheline  or  Leucite. 
Olivine  enters  very  generally  into  their  composition,  so 
frequently  indeed  that  by  some  petrologists  it  is  looked 
upon  as  an  essential  constituent.  The  Basaltic  rocks 
may  be  grouped  according  to  their  texture  under  the 
heads  of — 
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Tachylite,  or  Basaltic  Glass. 
Oommon  Basalt,  the  compact  form. 
Anamesite,  or  finely  crystaUine  Basalt. 
Dolerite,  or  largely  crystalline  Basalt. 
Qubbro,  or  coarsely  crystalline  Basalt, 

The  most  coarsely  crystalline  members  of  the  Basalt 
group  are  distinffvdshed  as  Gahbro.  In  this  rock  the  Augite 
is  most  commomy  replaced  wholly  or  in  part  by  the  amed 
mineral  Diallage,  and  in  this  case  the  rock  is  often  called 
Diallage  rock,  Gabbro  is  as  a  rule  a  very  coarsely-grained 
rock,  closely  resembling  Granite  in  texture,  and  it  holds 
among  the  Basic  rocks  a  place  corresponding  to  that  occu- 
pied by  Ghranite  in  the  Acidic  class. 

A  Basalitic  rock,  whose  grain  is  not  so  coarse  as  in 
Gabbro,  but  coarse  enough  to  allow  the  constituent 
crystals  to  be  readily  recognised  by  the  naked  eye,  is 
called  Dolerite,  Sometimes  Hypersthene  takes  the  place 
of  Augite,  and  the  rock  is  then  known  as  Sypersthetie 
rock,  li  ihe  Labradorite  is  replaced  by  Leucite  we  get 
Leucite  rock. 

In  many  Dolerites  Carbonate  of  Lime  and  Iron  are 
present,  intimately  mixed  up  with  the  body  of  the  rock. 
When  in  addition  to  these  minerals  Chlorite  is  also 
present,  the  rock  is  known  as  Diabase,  There  is  every 
reason  to  believe  that  these  Carbonates  and  the  Chlorite 
were  not  present  originally  in  the  rock,  but  have  been 
produced  after  its  formation  by  the  alteration  of  some  of 
Its  mineral  constituents.  Hence  Diabase  is  probably  only 
an  altered  form  of  Dolerite. 

If  we  suppose  the  grain  of  Dolerite  to  be  so  far  reduced, 
that  we  can  perceive  in  a  general  way  that  the  rock  is 
crystalline  without  being  able  clearly  to  distinguish  its 
constituent  minerals,  we  get  the  variety  called  Anamesite, 

The  rock  -generally  known  as  Basalt  is  a  still  more  finely 
grained  form.  This  is  a  dark-coloured,  apparently  homo- 
geneous rock,  with  a  dull  conchoidal  fracture.  So  compact 
is  it  that  it  was  for  a  long  time  looked  upon  as  a  simple 
mineral,  but  chemical  analysis  and  microscopic  examina- 
tion prove  it  to  have  the  same  composition  as  Dolerite. 

Even  the  close  Anamesites  and  Basalts  become  occasion- 
ally porphyritic  by  the  appearance  in  them  of  grains  or 
crystals  of  Olivine,  Labradorite,  Augite,  and  Magnetite. 
The  first  mineral  is  said  to  occur  more  commonly  in  Basalt 
than  in  the  other  varieties  of  the  Basaltic  f cunily. 
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BoQi  Dderite,  Anamesite,  and  Basalt  put 
vesioular,  and  axnjgdaloidal  fonns. 

The  last  term  in  the  series  is  famished  by 
form  known  as  Taehylite^  which  stands  in  the 
to  Basalt  as  Fitchstone  does  to  Felsite.    That 
only  glassy  Basalt  is  proved  by  numerous 
which  a  passage  can  be  traced  from  one  into 
Professor  A.  Geikie,  in  describing  the  Baealtu 
the  Island  of  Eigg,  says,  ''towajrds  the  edge 
the  grain  of  the  rock  is  usually  very  dose, 
times  through  various  stages  ol  flinty  Basialt 
black,  lustrous  TadLylite."* 


I 


The  rocks  in  which  Anorthite  has  been  reco^ 
oonstituent  mineral  are  as  yet  but  few.     One  of 
known  is  the  so-called  Orbicular  Diorito  of  Corsii 
this  is  not  a  Diorite  in  the  common  accoptati 
term,  it  will  be  bettor  to  call  it  Corsite  or  Kapol 

The  rock  is  a  granular  mixture   of  AnortMl 
blende,  and  a  little  Quartz. 

The  most  noticeable  variety  occurs  in  Corsica ;  . 
there  is  made  up  of  balls  from  one  to  three  I 
diameter;  each  has  a  ceutral  komel  composed  J 
the  Felspar  or  of  Hornblende,  and  round  this  tb( 
concentric  coats  first  of  one  mineral  and  then  of  ti 
so  that  a  cross  section  shows  rings  alternately  fl 
and  light  colour.  Such  a  structure  is  called  Conor 
and  is  by  no  means  uncommon  in  Crystalline  to* 
cially  of  the  Basic  class.  Other  rocks  are  knowt 
the  same  composition  as  Corsite,  but  withoul 
tionary  structure. 

For  an  account  of  another  rock  consisting  of  i 
and  Hornblende  or  Augite  see   P.  319. 

The  above  are  all  the  Crystalline  rocks  we  shal 
cemed  with  for  some  time  to  come.  The  Y6& 
Schistose  rocks  we  shall  defer  till  the  chapter  on  3 
phism. 

We  add  a  table  sho^-ing  the  chemical  compa 
the  principal  varieties  of  the  Crystalline  rocks. 

•  Quart.  Joum.  Geol.  Soc.  of  London,  xxvii.  29l>. 
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ure. —  I  ii<l' r  lli'-  litad  (»1  tcxturu  we  niav  uoticf 
••  l'i!:<liiiLr  (••'UK  lit  ill  tIh'sc  rocks  uiav  In*  sou  oi' 
ii  ijuautity,  in  wliich  casr'  tin*  I'ock  is  crundly  and 
or  it  may  bo  liard  aud  plentiful,  wlien  the  rock 
frm  and  solid. 

rding  to  the  size  of  their  particles  these  rocks  may 
^Tided  into  Coarsely -grained,  lonely -grainedy  and 
'Srtdned  or  Compact. 

ome  coarsely-grained  rocks  lumps,  sensibly  larger 
le  majority  of  the  particles,  are  scattered  through  the 
?  the  rock.  Such  are  called  Conglomerates  or  Pudding^ 
rhen  the  larger  portions  are  rounded ;  and  Breeeuu, 
hpr  are  angiJar. 

Imnoiis  of  the  Von-crystalliiLe  Bocks. — ^The 
ition  of  the  Non-crystalline  rocks  is  far  less  complex 
lit  of  the  Ci^'stalline  rocks,  and  their  classification 
)eoomes  an  easier  matter.  The  great  mass  of  them 
de  up  of  one  or  more  of  the  four  minerals,  Quartz, 
lurbonate  of  Lime,  or  Carbon,  and  they  fall  naturally 
IP  groups,  acconW  as  thei  p«vaiLg  ingrediei 
fint,  second,  third,  or  fourth  of  these,  and  their 
iation  will  be  as  follows : — 

%Mc. — Arenaceous  or  Sandy  Bocks.  Composed  mainly 
ided  or  broken  grains  of  Quartz.  The  cement  may 
er  siliceous,  ar^llaceous,  calcareous,  or  a  mixture 
of  these  three  substances. 

Class. — Argillaceous  or  Clayey  Bocks.  Pure  Clay, 
b  the  main  constituent  of  rocks  of  this  Clay,  is  a 
A  bisilicate  of  Alimiina.  Besides  Clay  the  majority 
ArgiUaceous  rocks  contain  mixtures  of  Sand,  Cap." 
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mediate  forms  occur.  Thus  for  instance  there  are  manj 
rocks  contniniiiK  both  Sand  and  Carbonate  of  Lime,  whiti 
might  be  placed  indifferently  in  the  lat  clasa  as  Calcareous 
Sandstones,  or  in  the  3rd  aa  Sandy  Limestones ;  but  in  b 
very  large  number  of  the  Non-crystalline  rookH,  eitiier 
Sand,  Clay,  or  Carbonate  of  Lime  is  present  in  so  much 
larger  quantity  than  any  other  ingredient,  that  wo  are 
justified  in  eatablisliing;  the  Bubdivisiuns  just  given,  aod 
able  without  any  difflculty  to  decide  in  wnicli  of  thi>m  a. 
g^Ten  rock  ought  to  be  placed. 

We  may  now  notice  some  of  the  principal  varieties  ot 
each  class  of  the  Non-erystallino  rodus. 

1. — AnssACKovs  OR  Sandy  Bocks. 

A  mass  of  more  or  leas  rounded  grains  of  Quartz,  not 
bound  together  by  any  cement,  constitutce  Sanii. 

Rock  Sand  is  a  term  applied  to  massos  of  yuml  which 
hold  together  sufflcieutly  to  stand  up  in  natural  rocks, 
but  are  not  firm  enough  to  yield  stone  for  building  pur- 
poses. 

When  the  Quartz  grains  are  firmly  bound  together  in 
any  way,  we  get  a  strong  rock  and  call  it  Sandstone.  The 
term  is  generally  restricted  to  those  rocks  in  which  there 
is  not  much  difference  in  size  among  the  grains.  In 
most  cases  the  solidity  of  the  rock  is  due  to  a  cement, 
which  filla  up  the  interstices  between  the  grains  and  binds 
them  together.  If  this  cement  be  Carbonate  of  Lime,  the 
rock  is,  called  a  Caleareotu  Sanistoru  ;  if  Quartzose,  a  Sili- 
eeout  Sandttone.  Very  siliceous  Sandstones  with  an  even 
dose  grain  are  called  Cank,  Canhtont,  or  Galliard.  Many 
Sandstones  also  contain  Clay :  such  are  called  Argillaceous 
Sandstones.  Sandstones  containing  recognisable  bits  of 
Felspar  are  called  Felspalkie  Sandstones.  Sandstones  con- 
taining a  large  quantity  of  Peroxide  of  Iron  are  distin- 
guished as  Ffiruginous  or  Svsti/ ;  they  are  red,  brown,  or 
yellow  in  colour  (see  p.  18). 

If  some  of  the  particles  of  a  sandy  rock  are  larger  than 
others,  so  that  a  freshly  broken  surface  has  a,  rough,  gritty 
feel,  the  rock  is  called  a  Grit  or  Cfritstone.  The  term 
however  is  not  generally  applied  to  /riaile  sandy  rocks, 
however  coarse  they  may  be,  but  is  restricted  to  those 
which  are  hard  and^nn. 

When  a  sandy  rock  contains  pebbles  of  Quartz  or 
Quartzose  rock  embedded  in  a  finer  ground-mass  of  Sand. 
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it  forms  a  Silicemu  or  Qmrtgose  ConglomeraU,  The  adjectiye 
is  very  generally  dropped  and  the  rock  styled  simply  a 
Conglomerate,  because  me  pebbles  of  a  great  majority  of 
Conglomerates  are  Quartz ;  the  reasons  for  this  being,  first, 
that  Quartz  is  a  substance  very  plentiful  in  the  rocks  of 
the  earth's  crust,  and  secondly,  that  on  account  of  its  great 
hardness  it  is  able  to  survive  in  pebbles  of  considerable 
size  wear  and  tear  that  grinds  softer  substances  to  powder. 
The  rounded  lumps  in  Conglomerates  are  of  all  sizes  from 
small  pebbles  up  to  blocks  some  feet  in  diameter.  In 
some  cases  the  pebbles  of  a  Quartzose  Conglomerate  are 
cemented  together  by  substances  other  than  Quartz,  such 
as  Carbonate  of  Lime  or  Oxide  of  Iron. 

Some  other  Quartzose  rocks  will  be  noticed  under  the 
head  of  Metamorphic  Bocks. 

The  grains  of  a  rock  that  is  decidedly  sandy  will  scratch 
glass,  and  this  test,  which  however  it  is  seldom  necessary 
to  apply,  may  be  used  when  there  is  any  doubt  about  the 
composition  of  the  rock.  When  the  Quartzose  element  is 
disguised  by  the  presence  of  a  large  mixture  of  a  softer 
substance  such  as  Clay,  the  rock  may  be  pounded,  and  the 
powder  drawn  with  pressure  between  the  finger  and  a 
plate  of  glass ;  any  Quartz  grains  that  may  be  present  will 
then  make  scratches. 

2. — ^AaaiLLACEOtJS  ob  Clayey  Books. 

Clay,  the  main  ingredient  of  these  rocks,  is  a  mineral  we 
have  not  yet  had  occasion  to  notice.  It  has  been  obtcdned 
in  the  first  instance  by  the  decomposition  of  a  Potash  or 
Soda  Felspar,  and  perhaps  can  scarcely  be  properly  de- 
scribed as  a  mineral,  but  should  rather  be  called  a  product 
of  decomposition.  In  ordinary  parlance  any  substance  that 
can  be  worked  up  with  water,  so  as  to  become  plastic  or 
capable  of  being  moulded,  is  styled  Clay ;  and  in  this  wide 
sense  Clays,  as  might  be  expected,  show  considerable 
difTerences  in  composition.  But  if  we  separate  from  any 
clayey  substance  the  mechanically  mixed  impurities,  the 
residue  will  be  a  hydrated  silicate  of  Ahimina;  and  it  is  to 
the  fact  that  Clay  contains  water  in  a  state  of  chemical 
combination  that  its  plasticity  is  due.  Chemists  are  by  no 
means  agreed  about  the  composition  of  pure  Clays,  and  it 
is  likely  that  there  are  several  varieties  differing  from  one 
another  in  the  proportion  of  silica  and  the  amoimt  of  water 
they  oontain.      Many   Clays   however  approximate  very 
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doselj  to  a  Hjdrated  Bisilicate  of  Alnminft,  with  tlio 
formula — 

28iO„Al,0,+2H,0. 

or         Silica 46*6 

Alumina        •        •        •        .     39*5 
Water 13*9 

The  nearest  approach  to  pure  Clay  is  Kaolin  or  China 
Clay,  The  natural  deposits  contain  grains  of  Sand, 
Xilates  of  Mica,  and  otner  impurities;  and  when  these 
are  washed  out  there  remains  a  pure  white  plastic 
Clay,  used  for  making  porcelain  and  the  finer  kinds  of 
pottery. 

Pipe  Clny  is  a  similar  white  pure  Clay,  which  shrinks  too 
much  from  heat  to  be  available  for  pottery  purposes.  It 
is  important  that  both  China  Clay  and  Pipe  Clay  should 
be  free  from  Iron,  which  acts  as  a  flux  and  causes  the  Clav 
to  molt  instead  of  baking  in  the  furnaces. 

Pot  Clays  are  less  pure  than  China  Clay,  and  the  ware 
made  from  them  is  coloured  and  coarser :  all  that  is 
required  of  them,  is  that  they  should  form  wit]i  water  u 
plastic  mass,  and  bo  capable  of  baking. 

Still  coarser  Clays  serve  for  Brick  Clays;  the  finer  varie- 
ties, consisting  of  a  very  finely  divided  and  intimate  iiiixturo 
of  Clay  and  Sand,  are  called  Brick  Earth.  Brick  Clays 
should  not  contain  too  much  Iron,  but  a  moderate  quantity 
of  the  Protoxide  is  said  to  give  strength  and  hardness  to 
bricks. 

Fire  Clays  are  varieties  wliich  will  stand  intense  heat 
without  melting.  They  must  be  free  from  alkalies,  alka- 
line earths,  and  iron,  which  act  as  fluxes.  Fire  Claj-s 
always  contain  a  much  larger  percentage  of  Silica  than  is 
necessary  to  form  a  Bisilicato ;  part  of  tliis  certainly  in  some 
cases  exists  as  a  mechanical  mixture,  partly  as  insoluble 
and  partly  as  colloidal  Silica.  The  Clay  for  instance 
whoso  analysis  is  given  below  contains  Silica  in  both  these 
states,  wlule  the  residue  is  very  nearly  a  Hydrated  Bisili- 
cato : — * 

Silica  as  Sand 56*95 

Silica  soluble  in  hot  solution  of  Carbonate  of  Soda       1*39 

♦  See  Crookcs  and  Rohrig^,  Metallurgy,  i.  214,  for  further 
Metallurgy,  iii.  p.  559,  and  Percy,       details  of  Fire  Clay.  . 
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Besidue  after  the  above  Silica  is  remoTed — 


Silica  . 

Alumina 

Iron,  Sesquioxide 

Lime  . 

Magnesia    . 

Potash 

Water 


45-30 
3408 
3-27 
0-87 
114 
305 
12-29 


The  following  analyses  will  show  the  average  composi- 
tion of  different  kinds  of  Clay : — * 


I 

i 

(1) 

(2) 

(3) 

W 

W 

1 

Rilic*     

49-44 

46-38 

66-68 

46-32 

66-10 

Alntninn 

34*26 

38-04 

26-08 

39-74 

22-22 

Iron  Oxide 

7-74 

104 

1-26 

0-27 

1-92 

Tihne    

1-48 

1-20 

0-84 

0-36 

0-14 

If  afinena    

1-94 

trace 

trace 

0-44 

0-18 

Water 

6-14 

13-67 

614 

12-67 

9-86 

(1)  Common  Pottery  Clay,  will  i^ot  stand  heat. 

(2)  Beet  Pottery  Clay,  burning  white. 


i3)  Coarse  sandy  China  Clay. 
4)  Best  Kaolin. 
(6)  Fire  Clay,  Stourbridge. 


Loam  is  a  mixture  of  Clay  and  Sand,  the  latter  being 
present  in  sufficient  quantity  to  allow  of  water  percolating 
through  the  mass  and  to  prevent  its  binding  together. 
Clayey  rocks  which  split  into  layers  or  beds  are  called 
Shale ;  Bind,  Blue-hindj  Plate,  Shiver  are  other  names 
applied  by  miners  to  the  same  rock.     Shales  containing 

*  See  also  Catalogue  of  Speci-      Museum  of  Practical    Geology, 
mens  of  the  Clays  and  Plastic      London,     (jt.  W.  Maw. 
Strata  of  Great  Britain  in  the 
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a  sufficient  qnantitj  of  Iron  Fjntee  are  need  for  the 
manufacture o(  Aluin,  aud  an-  wiUod  Alum  Shalea.*  When 
I  g^ood  dciol  of  Sand  present,  thti  rock  is  called 
I  or  Sandg  SAaU,  or  Slone  Bind,  or  Rock  Bind. 
These  forme  pass  gradually  into  ArgillaceouB  Sandstonea 
and  common  Sandatone.  Shales  stained  dark  by  vegetable 
matter  aro  called  Carbonaeeou»  Shalf,  Bom,  or  £aU.  When 
auch  Sbalea  contain  a  sufficient  quanti^  of  bituminous 
matter  to  be  used  for  the  manufacture  of  Paraffin  the;  are 
called  Oil  8halts,  Such  Shales  pass  ^roduallj  into  Cannel 
Coal oeeaeionally.  ThestreakofOilShalesieufluallj brown. 

Mudiiimt  is  a  couTenient  name  for  clayey  rocks  that  have 
the  appearance  of  partially  hardened  massos  of  sandy  mud. 

ifarJ  is  Clay  cwntaining  Carbonate  of  Lime ;  if  the  rock 
splits  into  plates,  it  is  caUed  Marl  StaU. 

Other  dayey  rocks  will  be  noticed  under  the  head  of 
Metamorphic  fiocks. 

When  Clay  is  present  to  any  extent  in  rocks,  th^  g^re 
out  an  earthy  smell  when  breathed  upon.  Erea  the 
hardest  clayey  rocks  can  be  worked  down  by  pounding  or 
grinding  them  with  water  into  a  more  or  less  doughy  and 
plastic  mass. 

S. — Caloakeous  Bocks  ob  Liuestones. 

Most  Tarieties  of  thisdass  depend  on  the  extent  to  which 
the  Carbonate  of  Lime  is  mixed  with  dayey,  sandy,  and 
other  impurities. 

Chali  is  a  white  Limestone,  usually  soft,  containing 
sometimes  as  much  as  04  to  98  per  cent,  of  Carbonate  of 
Lime.  The  more  clayey  Tarieties  go  by  the  name  of  Chait 
Marl. 

Some  other  limestones  are  as  pure  as  Chalk;  thu*) 
some  specimens  of  the  Mountain  lamestone  contain  only 
4  per  cent,  of  impurities.  But  in  the  majority  of  Lime- 
stones foreign  matters  are  present  to  a  large  extent. 
When  there  is  a  considerable  percentage  of  Clay,  the  rock 
is  called  an  ArgiUceeout  lantatone.  The  Lime  obtained  by 
burning  some  Argillaceous  Limestone  forms  a  mortar  that 
sets  under  water :  such  are  called  Hydravlie  Limt»toHt».\ 

Limestones  containing  a  large  siliceous  element  are  called 
Silieeoui  Limetione*.      When  the  calcareous  part  of  such 

■  Rosco«,  Mmnanttiij  LeasoDs      Technology,   and    Watts*!  Die- 
in  Chemistiy.  p.  208.  tionary  of  Ch^mUtry,  Art,  "Si- 
t  See      Wagner't      Chemical      licates  of  OUcium." 
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rocks  has  been  dissolved  out  bj  the  action  of  water,  a  sort 
of  siliceoas  skeleton  is  left  called  RotUnsUme.  Passages 
sometimee  oocur  from  Calcareous  Sandstones  into  Lime- 
stone, and  the  intermediate  forms  are  called  locally  Com- 
Homes,  Some  C!omstones  contain  so  much  more  Carbonate 
of  Lime  than  Sand  that  they  are  burnt  for  Lime  in  dis- 
tricts where  purer  Lunestones  are  not  easily  obtained. 

Limestones  stained  a  dark  colour  by  decomposed  vege- 
table or  animal  matter  are  called  Carbonaceous  or  Bituminous 
Limestone;  such  rocks  often  give  off  a  fetid  smell  when 
struck  by  the  hammer,  and  are  then  spoken  of  as  Fetid 
ZiwtestoneoT  Stinkstone, 

Limestones  occasionally  put  on  a  conglomeratic  or  brec- 
ciated  form,  and  contain  pebbles  or  angular  fragments  of 
Quarts  or  o4her  rocks. 

A  Limestone  hard  and  close  grained  enough  to  take  a 
polish  is  called  Marble.  Some  of  the  so-called  Marbles  of 
commerce  however  are  not  Calcareous  rocks  at  aU. 

Magnesian  Limestones. — These  rocks,  which  are  mainly 
made  up  of  Carbonate  of  Lune  and  Carbonate  of  Magnesia, 
are  called  Magnesian  Limestones  or  Dolomites.  Usually 
no  distinction  is  drawn  between  these  two  terms ;  they  are 
usedf  sometimes  one  and  sometimes  the  other,  as  if  they 
were  only  two  different  names  for  the  same  rock.  Possibly, 
however,  at  least  three  distinguishable  varieties  of  mag- 
nesio-calcareous  rocks  exist,  and  it  may  be  convenient  to 
restrict  one  of  these  terms  to  one  form  and  the  other  to 
another. 

"Whether  the  carbonates  exist  in  the  rocks  we  are  con- 
sidering in  a  state  of  mechanical  mixture,  or  of  chemical 
combination,  is  not  certainly  known.  Both  Forchhammer* 
and  Elarsten  found  that  certain  Magnesian  Limestones  could 
lie  separated  into  two  parts.  One,  which  was  soluble  in 
cold  acetic  add,  had  the  following  composition : — 

Carbonate  of  Lime      .         .     97*13 
Carbonate  of  Magnesia        .      2 '87 

When  this  portion  had  been  dissolved  out,  there  remained 
an  insoluble  granular  residue  having  the  composition — 

Carbonate  of  Lime      .         .     53-38 
Carbonate  of  Magnesia        .     41'42f 

•  Buchof^  Chemical  Geology,  the  conclusion  arrived  at  U  very 

ii.  49.  approximatively,    but     not     ex- 

t  Sterry   Hunt   has    repeated  actly,  correct. — Silliman's  Joum. 

t^bcM  experiments,  and  finos  that  2nd  ser.  xxviii.  180. 
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The  facts  that  the  lattw  portion  h^s  nearly  the  theo- 
retical composition  of  a  double  Carbonate  of  Lime  and  Mag- 
nesia, and  that  it  IB  insolable  in  cold  ac^ii;  acid,  led  to  the 
belief  that  it  was  a  chemioal  oompotind.  But  insensibilitj 
to  the  aition  of  acetic  acid  is  a  met  whose  'value  has  been 
somewhat  diminished  sini?e  the  time  when  the  experiments 
were  made,  for  it  has  been  iat«ly  shown,  that  the  behaTioui 
of  this  acid  towards  carbonates  varies  verj-  considerablj 
with  the  ciruumstouuca  under  which  it  comes  in  cunlad 
with  them.* 

We  cannot  say  jwsitively,  therefore,  whether  the  insoluble 
residue  of  the  limestones  operated  on  is  a  cheiAieal  com- 
pound or  a  mechanical  mixture  of  the  two  carbonates.  The 
insoluble  portion  has,  however,  the  some  compositiaD  as 
one  of  the  forma  of  Bitter  Spar,  and,  like  it,  is  not  acted  on 
by  cold  acetic  acid ;  it  may,  therefore,  be  looked  npon  as 
[irobiibly  Itiltfr  Spar ;  and,  iu  speaking  of  it  thus,  we  do 

compound  or  not,  for  this  is  a  point  respecting  Bitter  Spar 
which  is  equally  open  to  question.  There  is,  then,  proba- 
bly, one  form  of  magnesio-oalcarcouB  rock  consisting  of 
Bitter  Spar  and  Carbonate  of  Lime.  Other  rocks  of  the 
same  family  contain,  perhaps,  no  soluble  portion,  and  con- 
sist essentially  of  Bitter  Spar ;  and  there  may  be  others 
wholly  soluble,  coosistiusof  Carbonate  of  Lime  and  Carbo- 
nate of  Magnesia.  If  this  be  so,  the  following  nomencla- 
ture may  be  usefully  employed : — 

Dolomitt,  a  rock  consisting  essentially  of  Bitter  Spar. 

Dolomitie  Limestone,  a  rock  which  is  essentially  a  mixture 
of  Bitter  Spar  and  Carbonate  of  Lime,  or  of  Bitter 
Spar  and  Carbonate  of  Magnesia. 

Magne»ian  Limtttone,  a  rock  which  is  essentially  a  mixture 
of  Carbonate  of  Lime  and  Carbonate  of  Magnesia. 

Li  nature  nil  these  rocks  contain  frequently  large  quan- 
tities of  sandy  and  clayey  impurities,  which  give  rise  if> 
sandy  or  marly  varieties. 

There  are  other  calcareous  rocks  which  have  been 
produced  by  the  alteration  of  some  of  the  above  forms. 
These  will  bo  described  in  the  chapter  on  Metamorphism. 

While  we  are  dealing  with  compounds  of  Ijme  we 
may  mention  that  Oypsum  frequently  occurs  in  sutScient 
quantity  to  form  rock  masses. 
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Limestone  rocks  may  be  readily  recognised  by  touching 
them  with  a  little  dilute  acid,  when  they  will  effervesce,  the 
escape  of  gas  being  more  plentiful  as  the  rock  is  more 
pure.  If  the  Limestone  be  powdered  and  dissolved  in 
acid,  add  being  added  in  small  quantities  till  effervescence 
ceases,  any  sandy  and  clayey  impurities  will  remain  behind, 
and  by  filtering  and  diying  t^e  residue  its  composition 
may  be  roughly  determined.  If  clayey,  it  will  work  up 
into  a  plastic  mass  with  water,  and  give  out  an  earthy 
odour  when  breathed  upon ;  if  sandy,  its  particles  will 
scratch  glass.  In  practice  however  it  is  seldom  necessary 
CO  take  all  this  trouble ;  Limestones  are  soft  enough  to  be 
scratched  even  with  the  blimt  edge  of  a  hammer,  and 
have  a  look  which  is  soon  recognised  aftor  a  little  experi- 
ence. They  are  also  dissolved  away  by  rain-water,  and 
their  exposed  surface  has  a  cavernous  and  worn  shape,  not 
easily  described  in  words,  though  to  get  to  know  the  look  of 
it  is  easy.  By  such  signs  the  practical  geologist  soon  learns 
to  recognise  a  Limestone ;  he  may  distinguish  the  earthy 
varieties  by  their  smell  when  breathed  upon,  and  in  any 
sandy  forms  grains  of  Quartz  can  generally  be  detected 
with  a  pocket  lens  on  a  freshly  broken  surface,  or  will  be 
seen  sticking  up  on  a  weathered  face. 

Magnesian  Limestones,  which  approach  Dolomite  in 
composition,  effervesce  feebly,  or  not  at  all,  with  cold  acids ; 
readily,  when  powdered,  in  warm  acid.  When  Carbonate 
of  Magnesia  is  present  in  quantities  smaller  than  in  Dolo- 
mite, it  is  sometimes  necessary  to  use  chemical  analysis  to 
be  sure  of  its  presence  ;  very  often  however  even  in  such 
cases  the  rock  contains  cavities,  the  walls  of  which  are  coated 
with  crystals  of  Bitter  Spar,  and  these  may  be  distinguished 
from  Calcite  by  their  feeble  effervescence  with  acids,  and 
by  their  faces  being  frequently  curved  and  somewhat 
pewly  in  lustre.  By  these  tests  we  can  sometimes  form  a 
fair  guess  that  a  Limestone  is  Magnesian;  frequently, 
however,  nothing  short  of  analysis  will  settle  the  point. 

Gypsum  will  not  effervesce  with  acids,  and  is  soft  enough 
to  be  scratched  with  the  finger-nail.  These  tests  and  a 
little  acTjuaintance  with  specimens  will  enable  the  student 
to  recognise  it. 

4. — CARBOxACEors  Rocks. 

There  are  only  two  varieties  sufficiently  common  to  de- 
wnre  notice  here.  Coal  and  Graphite. 
Coal  is  too  well  knoT^-n  to  need  any  description.     In 
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composition  it  differs  from  woody  fibro  only  in  rontainlag 
a  larger  percentage  of  Carbon  and  a  smull^r  percentogo  «^ 
Oxygen  and  Hydrogen. 

The  following  table  givos  the  avemgo  composition  of 
woody  fibre  and  peat  and  of  the  different  Idnds  of  Coal, 
and  shows  how  by  the  gradual  removal  of  the  Oxygen  and 
Hydrogen  we  pass,  step  by  step,  from  the  first  to  a  sub- 
staate  in  which  ecMcely  anything  but  Carbon  is  left. 


CubOD. 

Hydro- 

om^. 

NIta). 

AA.t>. 

Wood     

*7-89 
54.1 
M-Sl 

06-4 
76-48 
80'6S 

B4-aa 

ei-44 

6-07 

6-8 
603 

fi-e 

7-64 

G'SO 
4-9 
G-62 
3-46 

43-11        0-73 

3-20 

*-6tolOHI 
I6'46 

0-8  to  47-2 
13-82 

5-46 

3-ag 

1.89 
331 

Fcttt   

40-1 
24-33  1     0-98 

OmI  front  Borneo    

10'3B 
8-33 
8-44 
6-32 
2-68 

1-36 
113 

1-G5 
2-07 
0-31 

Buuloy  StoHB  Coal  .. 
Button  Beun  HosmOmI 

The  gradual  transition  from  Wood,  which  is  about  half 
Carbon,  to  Anthracite,  which  is  nearly  all  Carbon,  is  shown 
still  more  clearly  in  the  following  table,  taken  from  Dr. 
Percy's  "  Metallurgy,"  in  which  the  total  amount  of  Carbon 
in  each  Toriety  is  reckoned  as  100,  and  the  Nitrogen  and 
Ash  are  ne^ected. 


Wood  .... 
Peat    .... 

Lignito     .    .    . 

Tenyurd  Coal  of  South  I 
Tjrne  Steam  Coal 
Pentrefelin  Coal 
AntbtBCite    .    . 


COAL,  77 

Besides  thifi  resemblance  in  chemical  composition  to 
woody  fibre,  microeoopic  examination  frequently  shows  in 
Coal  portions  still  retaining  the  characteristic  texture  of 
plants  and  other  traces  of  vegetable  remains. 

On  such  general  grounds  the  yegetable  origin  of  Ckml 
has  been  for  a  long  time  universidly  admitt^  and  this 
yiew  has  been  of  late  years  materiaUy  strenc^ened  and 
rendered  more  definite  by  the  discovery  of  me  fact  that 
some  Coals  are  made  up  almost  entirely  of  the  spores  and 
spore-cases  of  plants  dosely  allied  to  the  modem  Club- 
mosses.  In  the  cryptogamic  or  flowerless  plants  multipli- 
cation is  effected  by  bodies  called  Spores  ^  which  correspond, 
as  ftur  as  their  ultimate  products  are  concerned,  to  the 
seeds  of  flowering  plants.  In  some  cases  it  is  known  that 
there  are  two  kinds  of  spores,  tnterospores  or  little  spores, 
and  maerospores  or  large  spores,  the  first  producing  the 
fertilising  matter,  and  the  second  developing  ovules  or 
germs,  in  the  common  Club-moss  one  kind  of  spores  only 
has  been  observed,  and  its  mode  of  reproduction  is  not 
understood.  The  spores  are  contained  in  bags  called 
Sporangia  or  Spore-cases.  In  some  Club-mosses  and  Horse- 
tails the  sporangia  are  placed  within  cones  or  spikes, 
consisting  of  scales  or  leaves  overlapping  each  other,  and 
the  sporangia  are  lodged  in  the  spaces  between  the  scales. 
Now  among  the  commonest  of  the  fossils  found  in  the 
strata  among  which  Coal  occurs  is  one  that  goes  by  the 
name  of  Lepidostrohus.  In  external  appearance  it  resembles 
strongly  the  spikes  of  the  modem  Club-moss.  Dr.  Hooker* 
obtained  specimens  of  these  cones  with  the  internal  struc- 
ture preserved,  and  showed  that  they  consisted  of  scales 
supporting  sporangia,  which  contained  spores  marked  with 
a  triradiate  ridge  on  their  under  side.  In  the  arrangement 
of  the  scales,  the  attachment  of  the  sporangia,  and  the  shape 
and  markings  of  the  spores,  these  cones  correspond  with 
those  of  the  Club-moss.  Dr.  Bobert  Brown  f  afterwards 
described  a  fossil  cone  called  by  him  Triplosporites,  which 
agrees  with  a  modem  lycopodiaceous  plant,  Selaginelluy  in 
containing  both  large  and  small  sx>ore8,  the  microspores 
being  found  in  both  genera  on  the  middle  and  upper  scales 
ol  the  cone,  and  the  macrospores  on  those  of  the  lower  por- 
ticHL     Mr.  Carruthers  J  has  since  examined  another  fossil 

*  Memoirs  of  the  G^logical  t  TransactioiiB    LiDnean    So- 

Sonrejr  of  England  and  Wales,      dety,  xx.  469  (1851). 
toL  ii.  part  2,  p.  440  (1848).  I  Geol.Mag.ii.431;  vi.ldl,280. 
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coue,  wUch  he  lias  named  JFTSniiMftite,  ihe  sporaiig^ 

show  a  triradiate  marlring  on  their  nndBrside,  and  agree 

with  those  of  LepidostrobuB  in  odntaining  only 

Now,  as  far  back  as  1840,  FrofeBsor  Morris 
small  bodies  found  in  the  ooal  of  Coalbrook  Dale,  of  the 
nature  of  which  he  was  at  that  time  unaware.*  These 
bodies  agree  so  exacdj  in  shape,  size,  and  the  triradiate 
marlring  with  the  spores  or  spore-oases  detected  by  Hooker, 
Brown,  and  C^oruthers  in  the  cones  just  described,  thai 
there  can  be  no  doubt  that  they  have  been  shed  from  one 
or  other  of  them,  and  the  coal  in  question  is  certainly  made 
up  in  part  at  least  of  the  spores  of  a  lycopodiaceoQC 
plajit.  Similar  bodies  haye  beoi  observed  by  JEVofeeson 
Balfour  and  Huxley,  Mr.  Binney,  and  others,  in  oUlbe 
beds  of  Coaly  and  in  some  cases,  ike  Better  Bed  of  Brad- 
ford for  instance,  the  seam  is  almost  entirely  made  up  oi 
them.  The  plant  to  which  Zepidastrohu  belonged  is  ex- 
tremely common  in  the  beds  associated  with  Coal ;  it  is 
called  Lepidodendron,  and  specimens  of  it  with  the  cones 
attached  to  the  branches  are  by  no  means  uncommon. 
We  can  now,  then,  go  further  than  the  general  statement 
that  Coal  is  of  vegetable  origin ;  we  know  that  among  the 
plants  which  contributed  to  its  formation  one  of  the  com- 
monest was  a  dose  ally  of  our  present  Club-moss,  and  that, 
in  some  cases  at  least,  it  was  the  spores  of  that  plant  that 
furnished  nearly  all  the  mateiial  of  the  fossil  fuel.  It  is 
worthy  of  note  that  the  spores  of  the  Club-moss  are  so 
highly  inflammable  that  they  are  eminently  suited  to  give 
rise  to  a  combustible  substance  like  Coal. 

There  is  one  other  little  point  to  which  we  may  call 
attention,  because  it  shows  that  a  mass  of  the  spores  of  Lyco- 
podium  is  in  other  respects  well  fitted  to  give  rise  to  a  sub- 
stance like  Coal.  Dr.  J.  Stenhouse  remarks,!  that,  while  the 
amount  of  Nitrogen  in  Coal,  and  consequently  the  quantity 
of  Ammonia  which  it  yields  when  subjected  to  468tructive 
distillation,  is  very  large,  the  stems  and  tnmks  of  trees, 
when  they  undergo  the  same  process,  yield  scarcely  any 
amount  of  nitrogenous  matters.  These  parts  of  plants 
therefore  do  not  seem  the  right  material  to  give  rise  to 
Coal.  Both  Lycopodium-spores,  however,  and  Peat 
yielded  large  quantities  of  Ammonia  when  destructively 

♦  In  Prof.  Prestwick's  Paper      2nd  eories,  vol.  v.  plate  xxxvilL 
on    the    Qeolof^y  of    Coalbrook      figs.  8 — 11. 
Dale,  Transaclions    Grool.    Soc.,  f  Phil.  Transactions,  1850,  pp. 

54,  b6,  59. 
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distilled,  and  they  are  therefore  a  much  more  likely  souice 
to  look  to.  Peat,  however,  and  apparently  Lycopodium- 
spores,  did  not  yield  Aniline,  Quiniline,  Picoline,  and  other 
bases  so  abundantly  furnished  by  Coal,  but  a  distinct  group 
of  bases  in  their  place;  hence  it  is  probable  that  the 
plants  which  furnished  the  material  of  Coal,  though  they 
were  closely  allied,  were  not  identical  with  the  modem 
Club-moss  and  the  plants  out  of  which  our  Peat  is  formed, 
for  it  is  a  well-known  fact  that  the  bases  yielded  by  the 
destructlYe  distillation  of  plants  are  different  in  different 
plants. 

The  amount  of  spores  necessary  to  form  a  seam  of  Coal 
is  so  enormous,  that  some  little  hesitation  may  be  felt  at 
first  in  accepting  the  view  that  some  Coals  are  made  up 
of  little  else  but  these  minute  bodies.  Large  accumula- 
tions, however,  of  vegetable  matter  of  a  similar  character 
have  been  observed  in  recent  times.  Dr.  John  Davy  de- 
scribes a  shower  of  a  ''sulphurous  substance"  in  Inver- 
ness-shire in  1858.*  The  ** sulphurous  substance"  was 
found  to  be  the  pollen  of  the  Fir  {Pinus  syhestris) ;  it  lay  in 
some  places  to  a  depth  of  half  an  inch,  and  was  noticed  at 
points  thirty-three  miles  apart.  Sir  John  Bichardson  in- 
formed Dr.  Davy  that  the  surface  of  the  great  lakes  in 
Canada  is  not  imfrequently  covered  with  a  scum  of  the 
same  pollen.  Similar  occurrences  have  been  observed  in 
the  forests  of  Norway  and  Lithuania. 

In  connection  with  this  subject  the  reader  may  further 
consult  the  papers  mentioned  in  the  foot-note  below. f 

We  will  in  a  subsequent  chapter  explain  how  the  materials 
of  Coal  were  collected  together  and  brought  into  their  pre- 
sent shape. 

The  chief  varieties  of  Coal  are  as  follows : — 

Lignite  or  Broum  Coal  sometimes  consists  of  a  matted 


*  Proceedings  Koyal  Society 
Edinbargh,  vol.  iv.  p.  157  (1859). 
I  am  indebted  to  my  friend  Mr. 
L.  C.  Miall  for  calling  my  atten- 
tion to  this  and  the  paper  last 
qucied,  and  for  other  valuable 
asistanoe  in  connection  with  the 
Mibject  in  hand. 

t  Dawson,  Quart.  Joum.  Geol. 
Soc.,  ii.  132,  X.  1,  XV.  477,  626, 
XTJi.  95 ;  Annals  of  Nat.  History, 
1871,  p.  321 ;  Silliman's  Jour- 
Q^  Ap.,    1871 ;    Acadian    Geo- 


logy, 2nd  ed.,  pp.  138,  461,  493. 
Quekett,  Quart.  Joum.  Micro- 
scopical  Soc.,  No.  6,  p.  43 ;  Trans- 
actions Microscopical  Soc.,  ii.  34. 
Bennett,  Transactions  Koyal  Soc. 
of  Edinburgh,  xxi.  pt.  i.  p.  173. 
Balfour,  ditto,  p.  187.  Huxley, 
Critiques  and  Addr^ses,  p.  92. 
WiUiamson,  Macmillan's  Maga- 
zine, xxix.  404.  Binney,  Man- 
chester Lit.  and  Phil.  Soc.,  March 
1874.  Bischoff,  Chem.  Oology, 
i.  258. 
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mam  of  stems  and  bmnehos  of  plante,  Btill  retainiDg  their 
woody  fibre  and  only  partially  mineralised.  Thsy  have  a 
low  boating  power,  tisuaUy  muke  a  good  doel  of  ash,  and 
sometimos  give  off  an  offensive  odour  when  burning. 

The  best  Cannel  Coal  is  comjiaL't  and  has  a  shining  lustre, 
with  a  oonchoidal  frut'tiure,  and  does  not  soil  the  fingers. 
It  is  of  great  value  for  gas-making,  and  owing  to  the  large 
proportion  of  gas  whieh  it  yiolda  it  will  bum  with  a  clear 
Sune  like  a  candle,  whence  its  name.  There  ore  however 
all  eorte  of  inferior  vorietios,  and  from  the  most  impure  of 
those  a  gradual  paaBngi,-  often  takes  plate  into  very  carbon- 
aceous black  SImle.  Theae  imjwrfoct  Conueb  are  csUed 
in  Home  parte  of  England  Stone  Coal,  a  tenn  applied  in 
odier  parte  to  Anthracite. 

The  ordinary  Coals  used  for  household  purposes  Toiy 
much  in  character.  Some  varieties,  known  as  Caking  CmH, 
fuse  into  a  pasty  mass  as  they  bum,  and  require  freqiieut 
jmkini:  tr.  kr.'p  tli<an  Hlif:ht.  Olhcrw  biirn  witlir-ut  Liikin:;. 
Tbn  -uu.^uTit  <4  il^!l  too  is  vovy  vivuihlr  ;  s..niv  <  '..,ds  (hok*;. 
up  the  fireplace,  others,  like  the  Kilbum  Ooal  of  Derby- 
shire, may  be  burnt  the  day  through  and  not  leave  a  tea- 
spoonful  of  ash.  A  very  beautifnl  variety,  known  bb 
Cherry  Coal  in  Scotland  and  Braneh  Coal  in  Yorkshire,  has 
a  shiny  resinous  lustre,  lightaroadily,  bums  cheerfully,  and 
leaves  httle  aah. 

The  above-named  and  other  similar  varieties  of  Coal  are 
UBuallj  classed  together  as  "  Bituminous : "  the  term  is  not 
chemically  correct,  for  though  the  Goals  contain  the  con- 
stituents of  Bitumen,  they  do  not  contain  Bitumen  itself. 
On  the  other  hand,  Antliracit«,  which  is  nearly  pure  Carbon, 
ifi  described  as  Non-bituminous.  The  Coals  called  Splint, 
Sard,  or  Steam  Coal  are  intermediate  in  com^Misition  and 

Giperties  between  "Bitunduous"  Coals  and  Anthracite. 
ey  are  more  dif&cult  to  light,  but  have  a  greater  heat- 
ing power  than  "Bituminous"  Coal.  They  are  of  great 
vahie  for  locomotives  and  marine  enginee.  Some,  like 
the  BajTisley  Steam  Coal,  consist  of  thin  semi-anthracitic 
layers  alternating  with  others  of  a  more  "Bituminous" 
character. 

AnthraciU  is  heavier,  harder,  and  has  a  more  thoroughlv 
mineralised  look  than  "  Bituminous  "  Coal,  qualities  weU 
expressed  by  ite  popular  name,  Stone  Coal.  It  rarely  soils 
the  fingers,  has  very  frequently  a  sharp  conchoidal  fracture, 
and  a  brilliant  lustre.  Other  varieties  are  dull,  or  break 
into  smaU  cubical  lumps.     It  is  difficult  to  light,  but,  when 
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ignited,  gireB  out  intense  heat,  and  bums  without  flame 
mnd  with  little  smoke.* 

Graphite,  Plumbago,  or  Black  Lead  occurs  as  an  accessory 
cxmiBtitaent  of  Granite,  Gneiss,  and  other  rocks,  in  veins  or 
pockets,  and  occasionally  in  a  state  of  approximate  purity 
in  beds.  It  consists  of  Carbon  with  about  five  per  cent,  of 
impurities,  such  as  Silica,  Alumina,  and  Oxide  of  Lx>n.  There 
is  good  reason  in  many  cases  to  believe  that  it  is  only  an 
extreme  form  of  Anthracite,  that  is,  it  is  a  Coal  from  which 
thegaseous  elements  have  been  completely  withdrawn. 

The  student  who  wishes  to  learn  how  to  recognise  rocks 
and  minerals  will  find  it  necessaiy  to  study  and  handle 
actual  specimens.  With  practice  he  will  gradually  become 
able,  by  means  of  the  descriptions  and  tests  given  in  the 
preceding  pages,  to  name  correctly  a  large  number  of  the 
oonunoner  species,  specially  in  those  cases  where  the  grain 
of  the  rock  is  large  enough  to  enable  the  constituent  mine- 
rals to  be  picked  out  separately.  But  in  some  instances, 
such  as  very  compact  Ciystalline  rocks,  the  composition 
can  be  ascertained  only  by  examining  thin  transparent 
slices  under  the  microscope.  This  is  a  branch  of  Lithology 
beyond  the  scope  of  an  elementary  treatise;  those  who 
wish  to  pursue  it  may  refer  to  ''The  Microscope  in 
Geology,  Geological  Magazine,  iv.  511.  Presidenti^  Ad- 
dress, "Transactions  of  the  Geological  Society  of  Ire- 
landy"  ii.  98.  Sorby,  "  On  the  Microscopical  Structure  of 
Crystals,"  QHort,  Jour,  Oeol.  Soc,,  xiv.  453.  Zirkel,  *'  Die 
mikroskopische  Beschaffenheit  der  Mineralien  und  Ges- 
teine."  Kosenbusch,  ''  Mikroskopische  Physiographic  der 
petrographisch  wichtigen  Mineralien." 

SECTION  Vn.— PETROLOGY. 

We  have  now  learned  the  main  facts  that  can  be  ascer- 
tained about  the  principal  rocks  of  the  earth's  crust  by  an 
indoor  examination  of  hand  specimens.  We  have  next  to 
inquire  what  additional  information  we  shall  gain  when  we 
study  rocks  on  a  lar^  scale  in  the  field. 

Outdoor  work  wifi  reveal  to  us  many  peculiarities  of 
structure  too  large  to  be  shown  by  hand  specimens.  But 
instead  of  giving  a  bare  list  of  these  here,  it  will  be  more 
convenient  to  defer  the  description  of  most  of  them  till  we 

•  For  fuller  detaili  of  the  dif-      iii.  413—470 ;  Percy,  Metallurgy, 
ferent    varieties    of    Coal,    see      i,  chap,  on  Fuel* 
Crooket  soad  B&hxig,  lietallurgy, 
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oome  to  inquire  iboni  dw  4B<D^  >»d  the  medwda  h[ 
which  th€^  ware  prodooed.  Two  pcuds  howerer  it  wffl 
be  desirable  to  notua  ai  onoe. 

Mz»tiflo>tlaa  av  »tfl<l1»g  ft  -naj  large  nnmbn  of 
Toc^  when  th^  am  a^poaed  m  the  faoe  of  a  qnanr,  en 
a  rirer  bonk,  or  on  a  aea  <iiiff,  are  seen  to  be  eat  up  [7  a 
number  of  parallel  plaiua  flf  diriiion  into  I^en,  vhioli 
separate  mora  or  leaa  readilr  facm  cme  another,  ao  tihat  Uie 
rook  consists  of  a  munber  of  flat  tabular  maaiea,  eacfc 
keepinir  pretty  nuudi  the  aame  Hudoieae,  laid  one  on  Um 
ttm  of  the  other. 

Buch  a  atrnotoie  is  oalled  SintijItaliM  at  Btiimg  from 
the  Latin  word  sfttriiaa  a  bed.  die  rock  is  said  to  be  ttnti- 
fiti,  and  the  lajen  are  oalled  B»i*  or  BtnU. 

Fig.  6,  whiiUL  ia  a  sketch  of  an  aetoal  opasrj,  ia  an  in- 
stance of  a  group  of  stratified  beds. 

Beginning  at  the  top  the  beds  are  as  f<dIow8 : — 


UtholaflfaalGliuutarofBed  'yt."  ni. ' 

1.  Beddilh  sand 16 

3.  White  marly  limestons,  upper  put  twHn  01 
■plittinK  inbi  thin  laTen,  lovsr  put  Inmpjr 

OTTubblr S      6 

8.  Brown  clsf  Bplittiiig  into  thin  Isyen        ..19 

i.  Boftund 10 

fi.  Hud,  white,  msrly  limeatone   ....  2      0 
S.  Brown  olay  splitting  into  thin  Isyen        ..16 

7.  White  muly  limeBtoDe 2      0 

8.  Soft  brown  sand 19 

S.  Hard  eieun-coloDied  limeatuia         ...  9 

(0.  Soft  brown  aand 8      0 

11.  Solid  grey  blockj  limealnne      ....  6      Q 

12.  Sandy  clay 6     0 

13.  Stiff  bine  clay 10 

Belation  between  Stratifioation  and  Crystalline 
or  Von-crystallins  T^Etnra. — ^In  a  vei?  large  majorit3r 
of  cases  we  shall  find,  that,  if  a  roek  m  itratified,  it  u  alto 
Non  -erytttdUne. 

And  we  shall  also  find  that  a  eery  Uirg»  nmnher  of  tha 
CryttaUine  roehi  haw  no  htdded  timetvre,  or  mre  wutrati^fied. 

There  will  be  exceptions  to  these  generalisationB.  We 
shall  meet  with  rocks  which  are  beddod  and  crystalline  as 
well ;  but  when  we  come  to  inquire  how  these  rocks  were 
formed,  we  shall  find  that,  in  moat  cases,  either  they  were 
originally  non-crystalline,  and  have  been  subsequently 
altered  so  as  to  acquire  a  dystalline  texture,  or  that  their 
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bedding  was  obtained  in  a  different  way  from  that  of  the 
non-crystalline  stratified  zocks.  Theee  and  a  few  other 
exceptions  will  be  better  understood  when  the  reader  has 
gone  through  the  chapters  on  the  fonnation  of  rocks. 

Fosnliferoiis  aad  IhifbwdliflnKnui  Booln^ — ^Agam, 
in  many  rocks  we  shall  find  what  are  undoubtedly  the 
remains  of  animals  and  y^etablee,  shells  of  moUusos, 
corals,  bones  and  teeth  of  fish,  reptiles,  and  other  creatures, 
leaves,  stems,  and  fruits  of  trees  and  plants.  Sometimes 
these  are  scarcely  altered  at  all  from  their  original  oon- 
(lition ;  sometimes  the  substances  of  which  the^  originally 
consisted  have  been  replaced  by  various  nuneraJa,  the 
change  havinff  occasionally  been  produced  so  gradually 
that  not  only  me  external  f  onn  but  all  the  minute  detaib 
of  internal  structure  are  preserved ;  sometimes  only  aa 
impression  or  cast  remains. 

All  such  remains  are  called  FomU^  rooks  containing 
them  are  spoken  of  as  FomUftnmi  :  rocks,  from  which  they 
are  absent,  as  Unfomlifarcim. 

In  nearly  every  case  we  shall  find  that  mFo9iiitfenm»  JBodt 
is  also  Non-cryBtalUne  and  Stratified. 

In  some  rare  instances  we  may  meet  with  fossils  in  Crys- 
tallino  unstratilied  rocks,  but  those  will  be  so  very  few,  that 
ice  shall  come  to  look  upon  rocks  of  thi^  class  as  Unfossilifirous. 

Fetrological  Classiflcation  of  Bocks. — Subject  then 
to  certain  exceptions,  not  relatively  very  numerous,  and 
some  of  them  more  apparent  than  real,  Petrologieal  inves- 
tigations lead  us  to  arrange  the  roc^ks  of  the  earth's  crust 
into  two  classes  having  the  following  disthiguissliiug 
characters : — 

1st  Clars.  2nd  Class. 

Ciystalline.  Kon-cryntalliiie. 

Unstratifled.  Stratified. 

Unfossiliferous.  Fosailifcrous. 


Terms   connected  with   Stratification. — We    may 

conveniently  define  here  a  few  terms  used  m  connection 
vdth  Stratification.  The  thicker  lavers  of  l)edde<l  rocks 
are  usually  spoken  of  as  Beds  or  Strata^  and  the  thinner 
as  Laminm  or  Stratula.  Sometimes  each  of  those  portions 
of  a  group  of  bedded  rocks,  which  has  the  saiue  mineral 
composition  throughout,  is  called  a  Stratum;  and,  if  this 
stratum  can  be  split  up  into  a  number  of  subordinate 
layei-s,  each  is  called  a  Lamina.  Tlius  in  Fig.  G,  we 
should  say  we  had  a  sta^tum  or  bed  (No.  3)  of  brown 
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Claj  oyerlying  a  stratum  or  bed  (Ko.  4)  of  soft  Sand,  the 
iirst  consisting  wholly  of  Clay,  the  second  wholly  of  Sand. 
The  brown  Clay  however  can  be  split  up  into  a  large 
number  of  thin  parallel  layers,  each  of  these  is  called  a 
Ismina^  and  the  rock  is  said  to  be  laminated  or  fissile.  The 
distinction  between  strata  and  laminffi  is  somewhat  vague, 
but  the  circumstances  do  not  admit  of  exact  definitions  or 
hard  lines.  Single  beds  of  rock  sometimes  are  as  much 
as  two  hundred  feet  in  thickness,  but  such  are  rare ;  about 
five  feet  would  be  a  general  average.  Lamination  may  go 
to  almost  any  extent ;  in  some  very  finely  laminated  rocks 
as  many  as  thirty  or  forty  layers  may  be  counted  in  the 
thickness  of  an  inch :  such  beds  are  usually  clayey  iil  com- 
position, and  are  sometimes  called  Paper  Shales ;  very  finely 
laminated  siliceous  and  calcareous  rocks  are  however  ako 
met  with. 

When,  as  in  Fig.  6,  the  upper  and  under  bounding  sur- 
faces of  the  beds  are  parallel,  so  that  each  bed  keeps  the 
tjame  thickness,  the  bedding  is  said  to  be  Regular,  A  rock 
which  is  regularly  and  not  very  thickly  bedded,  so  that  it 
c-an  be  split  up  into  slabs  for  paving,  is  called  Flaggy,  or  a 
Flagstom: ;  if  the  layers  are  thin  enough  for  rooting  pur- 
])06e8,  a  Tilestane*  The  majority  of  Flagstones  and  Tile- 
stones  are  Sandstones,  but  some  limestones,  and  even  some 
hard  Argillaceous  rocks,  yield  Flags  and  Tiles.  When  bedfc 
thin  away,  the  bedding  is  Irregular  or  Wedge-shaped,  as  in 
Pig.  12.  A  bed  which  thins  away  in  all  directions  is  called 
.X^entieular  or  Zens-shaped. 

This  is  all  we  wiU  give  here  under  the  head  of  Petrology. 
There  are  many  points  yet  to  be  noticed  respecting  the 
structure  of  rocks  on  a  large  scale  ;  but  we  shall  find  it  the 
\jeet  plan  to  take  these  one  by  one,  as  opportunities  occur, 
^hile  wo  pursue  our  inquiries  into  the  way  in  which  rocks 
vere  formed.  ^Whenever,  from  time  to  time,  we  find  that 
'we  have  gathered  knowledge  enough  to  enable  us  to  under- 
Fitand  how  any  great  structural  peculiarity  was  produced. 
'we  will  describe  that  structure  and  the  way  in  which  it 
arose. 

DescriptiTe  Geology.  Summary. — Let  us  now  take 
stock  of  the  knowledge  we  have  gained  from  Descriptive 
Oeology. 

*  Thtt   term,  and  not  Slate,  Bhall    see    by-and-by   that    the 

OQi^t  to  be  used  for  those  rocks  planes  which  bound  roofing  shites 

^mch  split   into    roofing    slabs  are  not  planes  of  bedding. 
«U»g  pttDM  of  bedding.     We 
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To  the  Bubsteneea  whiA  make  up  the  earli's  cmst  wb 
g&ve  tbp  f^Qoral  Dame  of  Kocka. 

Bocks  we  found  to  be  mc'uHaiii'nl  mixtures  of  certain 
definite  chamical  compounda  called  MiiipmlB. 

The   munber  of  mineral   epedea  whicli   enter  to  any 
ftppreciablo  oitent  into  the  composition  of  rocks  wo  found  ^ 
to  oe  small,  and  the  chemical  elements  of  wbicb  these  roek- 
formiuK  niinorftls  are  composed  to  be  not  more  than  twelM 
in  number. 

By  an  indoor  examination  of  hand  spet'imens,  or  Litho* 
logy,  we  were  led  to  a  threefold  classification  of  rocks, 

1»(.  Cryitalliitt  Mockt,  in  which  crystals  appear  with  i 
Rharp  nnffle?  and  unrounded  edges,  but  not  arranged  in  < 
any  rpgulor  ortler. 

2nd. — Sehintom  Riuh.  which  differ  from  the  last  in 
having  their  mineral  components  arrangod  more  er  less  in 
separate  layers,  a  atmotuie  which  is  ezpreasad  by  the  word 
Foliation. 

Zrd. — Non-erysUdlin»  Soekt,  in  which  the  mlnetsl  oom- 
ponenta  appear  in  the  shape  of  grains  more  or  lees  roonded, 
or  chij^ed  and  liraken. 

An  examination  of  larg;e  rock  masBes  in  the  field,  or 
Fetrology,  leads  lu  to  a  twofold  classification  of  rocks. 

1.  Stratified  Socki,  which  are  arranged  in  parallel  layers, 
beds,  or  strata. 

2.  Utulraiified  Soett,  which  possess  no  such  bedded 
structure,  or  possess  It  in  a  minor  degree. 

We  further  found  that  the  great  mass  of  the  Crystalline 
rocks  are  Unstratified,  and  the  great  mass  of  the  Non- 
crystalline rooks  are  Stratified.  In  the  latter  too  we 
frequently  meet  with  Foseils ;  from  the  former  Fossils  are 
almoet  invariably  absent. 

Bo  that  a  mere  examination  of  the  composition,  stmo- 
ture,  and  contents  of  rocks  led  us  to  arrange  them  in  the 
two  following  classes : — 

1r  Cum.  2kd  Clus. 

Crjattlline.  Hon-dTitKlline. 

TlDilntifl«d.  Stimtifled. 

trnfMoUfeniu.  FoMilifeioiu. 

Lastly,  we  pointed  out  that  this  t^sification  was  liable 
to  exception,  and  was  otherwise  imperfect,  but  that  it  was 
the  best  we  could  arrive  at  in  the  present  state  of  our 
knowledge.     This  leads  us  on  to  inquire  whether  a  further 
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study  of  rocks  will  not  tell  us  something  more  than  we 
jet  know  about  them,  which  will  enable  'us  to  arrange 
them  in  a  more  satisfactory  manner.  In  the  next  three 
chapters  we  shall  find  that  what  we  want  for  the  purpose 
is  a  knowledge  of  the  way  in  which  rocks  were  formed, 
and  that,  when  we  have  mastered  this  branch  of  Geology, 
a  natural  and  consistent  classification  follows  from  it  as  a 
matter  of  course. 


CHAPTEE  m. 

J>ENVI>ATI01f. 

Procaaa  of  time  worketli  aacli  wonden. 
That  water,  which  is  of  kind  bo  soft, 
Doth  pierre  the  marble  itone  uuuder 
B;  little  drops  Cidling  bom  aloft. 


SECTION  I— PRTNCFPLES  ON  WHICH  THE  INQUIRY 
INTO  THE  OlllOIX  KF  lilHKS  IS  I:asF.II.  — KXAMl'LES 
OF  THE  APPLICATION  OF  THESE  PEINCIPLES.— 
DEFINITION  OF  DENUDATION  AND  ENUMESATION 
OF  DENUDING  AGENTS. 

IVii  have  now  made  the  acquaintance  of  tlie  chief  mate- 
>>  rials  out  of  which  rocke  are  made  up,  and  have 
learned  what  are  the  great  classea  into  which  we  sub- 
divide the  rocks  themselves,  according:  as  we  look  at  them 
from  a  Lithological  or  Petrological  standpoint. 

It  would  be  possible  still  to  limit  our  attention  for  some 
while  to  purely  Descriptive  Q&ology :  wo  might  take  one 
by  one  each  individual  species  of  the  great  classes  of  rocks, 
and  describe  ita  lithological  composition,  and  the  structural 
characteristics  which  it  shows  when  studied  on  a  large 
scale ;  and  this  we  might  do  without  saying  a  word  about 
the  causes  that  produced  the  rock  and  impressed  on  it  its 
peculiar  structure.  Then  we  might  in  separate  chapters 
treat  of  the  origin  of  rocks  and  of  rock  Btmctures. 

But,  beyond  a  daim  to  systematic  arrangement,  such  a 
eclLeme  would  possess  no  advantage  whatever,  and  it 
would  be  attended  by  a  serious  evfl.  It  would  lay  upon 
the  mind  of  the  student  a  burden  too  heavy  to  be  borne,  in 
that  it  would  compel  him  either  to  cany  in  his  memory  a 
huge  mass  of  bare  facta  up  to  the  time  when  he  reached 
that  part  of  the  book  where  the  explanation  of  these  facts 
is  given ;  or,  if,  as  is  most  likely,  he  found  this  beyond  his 
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powers,  it  would  oblige  him  to  be  oontiiLually  turning 
back,  when  the  meaning  of  anj  fact  was  explained  under 
the  head  of  Historical  Geology,  to  the  descziption  of  that 
fact  under  DescriptiYe  Geology. 

We  will  therefore  no  longer  linger  in  the  purely 
descriptive  part  of  our  subject :  we  will  go  on  to  describe 
the  different  kinds  of  rocks  in  detail,  but  we  will  put  side 
by  side  with  the  description  of  each  an  explanation  of  the 
way  in  which  it  has  been  formed.  Thus  the  subject  will 
be  rendered  less  dry,  and  a  great  strain  on  the  memoiy 
will  be  aToided. 

But  the  question  may  be  yery  reasonably  asked  at  the 
outset,  How  do  we  know  that  there  has  ever  been  such  a 
thing  as  formation  of  rock  ?  Are  we  sure  that  the  rocks 
haye  not  been  all  along  such  as  we  see  them  now,  and  that 
the  earth's  crust  did  not  come  into  being  in  the  identical 
state  in  which  it  is  at  the  present  day  ? 

There  are  a  host  of  facts  that  enable  us  to  give  a  decided 
No  in  answer  to  such  suggestions.  One  of  these,  the  occur- 
rence of  fossils  in  the  heart  of  masses  of  rock,  which  has  been 
noticed  in  the  first  chapter,  is  alone  suf&cient  to  settle  the 
question.  And  very  shght  observation  of  what  is  going  on 
every  day  before  our  eyes  is  enough  to  convince  us  that, 
for  as  far  back  as  the  earth  has  been  anything  Hke  what 
it  is  at  present,  the  rocks  of  its  surface  must  have  been 
constantly  undergoing  wear  and  tear,  and  that  fresh  rocks 
must  have  been  forming  without  cessation  out  of  their  ruins. 
The  whole  of  this  and  the  next  chapter  will  be  taken  up  with 
a  statement  of  the  facts  on  which  this  assertion  rests,  and 
when  the  reader  has  reviewed  the  evidence,  he  will  see  that 
but  one  conclusion,  the  one  just  stated,  can  be  drawn  from  it. 

PHaeiples  on  wliicli  thm  '  Origin  of  Bocks  are 
dstsnninod. — The  grand  principles  that  must  guide  us  in 
our  speculations  as  to  the  origin  of  rocks  are  few  and 
simple ;  but  a  very  extensive  range  of  knowledge  is  neces< 
sary  to  enable  us  thoroughly  to  apply  them.  We  have 
first  to  inquire  whether  there  are  any  substances  now  in 
course  of  formation  which  are  identiciEd  with  rocks  of  the 
earth's  crust,  or  any  which,  if  not  actually  identical,  could 
be  made  so  by  modifications  which  it  is  reasonable  to 
suppose  they  would  be  likely  to  undergo.  If  we  do  find, 
as  we  do,  any  such  substances,  we  then  study  the  caiisee 
which  are  now  producing  them,  and  conclude  that  the  rocks 
which  they  resemble  were  produced  in  bygone  times  by 
■nnilar  causes. 
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In  this  way  we  are  able  to  give  a  satisfactoiy  ocooniit  of 
the  fonnation  of  many  rocka.  There  are  crthers  which 
cannot  have  been  produced  by  any  causes  that  come  within 
the  reach  of  our  actual  observation ;  bnt  even  in  the  case 
of  these  we  can  form  reasonable  conjectures  how  they 
arose  and  what  changes  they  have  gone  through. 

We  will  begin  with  an  inquiry  into  the  origin  of  some  of 
the  Non-oryslallino  bedded  rocks.  These  we  ehaU  find 
have  been  formed  by  the  breaking  up  of  some  pre-existing 
roc'k,  and  in  nearly  all  eaaes,  when  we  trace  back  their 
hiatury  far  enough,  we  learn  that  they  sprang  first  of  all 
from  some  one  of  the  Crystalline  rocks. 

It  would  seem  at  first  sight  more  natural  to  take  the 
forefathers  firat  and  the  descendajits  afterwards ;  the 
present  arrangement  hits  beeti  chosan,  aa  better  suited 
to  an  elementary  I.rpatiso,  for  the  following'  reaoons. 
The  bedded  rocka  are  more  famfliar  to  the  geoendi^  of 
people  than  the  great  mass  of  the  eiTHtalliiie.  Foiflier 
among  the  causes  that  took  part  id  the  fbnnatitoi  of 
bedded  rocks  are  some  of  the  oommouest  operations  of 
Nature,  so  commoa  indeed  that  their  importance  was 
long'  overlooked  'through  sheer  familiarity.  These  peo- 
oessee  are  going  on  every  day  under  our  eyes  and  can  be 
studied  by  every  one.  There  is  this  advantage  then  in 
directing  the  attention  of  the  student  first  of  all  to  the 
formation  of  this  class  of  rocks ;  he  can,  whoever  and 
wherever  he  be,  observe  for  himself  some  of  the  steps  by 
which  they  have  been  produced,  and  test  by  his  own 
observation  the  correctness  of  the  teaching  which  is  pat 
before  him.  The  processes,  on  the  other  hand,  to  vhi<i  a 
great  part  of  the  Crystalline  rocks  are  due,  operate  unseen 
to  a  laj^  extent  at  considemble  depths  below  the  surface ; 
and  when  they  do  break  forth  and  come  within  the  range 
of  observation,  their  sphere  of  action  is  confined  to  certain 
limited  tisxits  of  the  earth's  surface,  which  many  persons 
have  no  chance  of  visiting. 

Sxampla  of  the  Datormliuitioix  of  tho  Origin  of  ft 
Book. — To  make  a  beginning  here  is  an  instanoe  of  the 
way  in  which  we  ferret  out  the  steps  by  which  a  partioular 
lock  has  been  fonned. 

Here  is  a  bit  of  coarse  Gritstone,  and  aide  by  side  vith  it 
let  us  lav  a  piece  of  coarsely  grained  Oranite.  The  two  an 
singularly  auke,  and  in  both  we  can  readily  distinguish  the 
three  minerals  Felspar,  Quartz,  and  Mica.  The  spedmena 
might  well  be  supposed  by  a  casual  observer  to  have  been 


DETERMINATION  OP  ORIGIN  OF  ROCKS.         91 

Lroken  off  the  same  crag,  and  if  the  two  tors  from  which 
they  were  taken  are  viewed  from  a  little  distance,  they 
are  bo  similar  in  outline  and  look,  that  any  one  might 
be  pardoned  for  supposing  they  were  made  of  the  same 
rock.  But  if  the  blocks  be  scanned  a  little  more  closely, 
specially  if  they  be  examined  with  a  pocket  lens,  an  im- 
portant difference  will  be  detected  between  them.  In  the 
Qranite  there  are  crystals  with  their  angles  pointed  and 
their  edges  sharp;  in  the  Gritstone,  though  the  crystals 
may  not  be  much  altered,  yet  a  certtdn  amount  of  rounding 
off  has  taken  place  in  both  angles  and  edges.  There  can 
be  no  question  that  the  Gbitstone  has  been  formed  by  the 
breaking  up  of  a  rock  identical  with  the  Ghranite  specimen 
before  us,  and  that  in  the  process  the  crystals  have  lost 
somethinfi;  of  their  sharpness  of  outline.  Our  next  ques- 
tion will  be,  What  has  done  this  ?  Let  us  visit  the  rocky 
tor  from  which  our  specimen  of  Ghranite  was  taken,  and  we 
than  not  have  to  wait  long  for  an  answer.*  The  outer 
surface  of  the  rock  is  evidently  crumbling  away,  parts 
readily  fall  off  in  a  coarse  powder,  the  grains  of  which  are 
oystals  rounded  in  just  the  same  way  as  in  the  Qritstone 
b^ore  us :  large  quantities  of  a  similar  powder  are  spread 
round  the  base  of  the  tor,  and  fill  cracks  or  hollows  on  its 
surface.  The  Qritstone  holds  together  a  little  more  firmly 
than  this  powder,  but  otherwise  there  is  no  difference 
between  the  two,  and  the  conclusion  is  irresistible  that  the 
former  is  nothing  else  than  a  quantity  of  the  latter,  that  has 
been  in  some  way  or  other  bound  together  into  a  mode- 
niety  firm  rock.  If  now  we  turn  over  in  our  minds  what 
is  constantly  happening  to  this  Ghranite  tor,  we  shall  readily 
understand  how  it  is  that  it  is  crumbling  away.  Rain 
beats  upon  it,  and  has  power  to  decompose  and  dissolve 
part  of  the  cement  by  which  it  is  held  together;  the 
water  also,  as  it  streams  off  the  rock,  washes  over  it  the 
coarse  grains  lying  on  its  surface  and  these  grind  it  away 
like  emery  or  a  file ;  the  wind  drives  against  it  the  same 
wearing  implements  with  the  same  effect;  frost  expands 
water  oontamed  in  chinks  or  crevices,  and  forces  off  frag- 
ments :  these  and  similar  agents  are  incessantly  at  work, 
tad  by  these  the  crag  is  being  broken  up  and  tbe  heap  of 


*  It  wiU  be  noted  here  that  in  which  the  Gritstone  has  been 

though  mere  lithological  ezami-  formed,  it  is  only  bv  out-door 

urtkm  will  in  this  case  help  us  study  that  we  can  reaUse  all  the 

•  little  towards  leamiug  the  wuy  steps  in  the  process. 
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debrn,  which,  eiurotmda  nnd  partly  buries  it,  has  been 
iormed  and  is  coDstaatlj  being  addt'd  to. 

Dy  nititliodfi  like  Uiose  just  described  the  materials,  out 
of  which  our  Gritstoim  is  built  up,  were  obtained :  but  the 
history  of  it*  formation  is  not  yet  complete.  If  we  visit 
the  quarry  from  whiiib  our  epecdmen  was  taken,  we  shall 
iind  the  rock  arranged  in  layers,  beds,  or  etrata,  eaeh  layer 
being  marked  olf  by  a  clear  plane  of  divieion  from  that 
above  and  below  it,  and  likely  enough  we  may  find, 
between  some  of  the  beds,  layers  of  Clay,  Limestone,  at 
other  rocka.  No  such  bedded  arrangement  exists  in  the 
debris  that  surrounds  the  Granite  tor;  and  therefore, 
though  the  nmteritUe  for  making  a  Gritstone  are  cortaiidy 
to  be  found  there,  they  must  undergo  some  further  process 
of  arrangement,  before  they  could  give  rise  to  a  rock  like 
that  of  which  our  specimen  formed  a  part. 

Not  far  from  the  foot  of  the  Granite  tor  there  runs  u 
rivulet,  and  in  fine  weather  it  is  clear  enough  to  allow  na 
to  count  the  stones  on  the  bottom.  But  after  heavy  raina 
the  water  pours  down  thick  and  turbid :  fill  a  glass  from 
the  brook  and  let  it  stand  :  the  water  soon  becomes  clear, 
and  a  quantity  of  sand  and  mud,  which  was  the  cause  of 
the  turbidity,  settles  to  the  bottom :  take  out  some  of 
the  settlings,  and  spread  it  in  the  sun  to  dry,  it  is  nothing 
else  but  some  of  the  finer  part  of  the  rubbish  around  the 
tor  produced  by  the  weathering  of  the  Granite.  It  has 
been  washed  down  the  sloping  bank  by  rain,  and  is  being 
swept  forward  by  the  current.  Now  return  to  the  rivulet ; 
by  a  little  attentive  listening  we  can  detect  amid  the 
rushing  of  the  torrent  a  harsh,  grating  sound  rising  from 
beneath,  the  water  ;  thi"  is  caused  by  the  courser  parts  of 
the  rubbish,  which  have  been  swept  down  into  the  stream, 
but  which,  being  too  heavy  to  be  carried  suspended  in  the 
water,  are  being  pushed  and  rolled  along  the  pebbly 
bottom.  Thus  the  ruins  of  the  Granite,  coarse  and  fine 
alike,  are  being  always  carried  forward;  and  when  the 
rivulet  falls  into  a  larger  brook  and  this  again  into  a 
river,  the  waste  matters  travel  on  along  with  the  contri* 
butions  of  the  other  feeders.  The  journey  goes  on  till  the 
river  enters  the  still  waters  of  a  lake  or  of  the  sea :  the 
stream  then  loses  its  velocity  and  therefore  its  power  to 
carry  any  further ;  and  the  matters,  which  it  has  brought 
BO  far,  all  sink,  sooner  or  later,  to  the  bottom,  and  are 
spread  out  in  layers  approximately  horizontal.  In  the 
intervals  between  two  floods  each  layer  will  have  time  to 
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harden  a  little  before  the  next  layer  is  placed  upon  it,  and 
60  a  plane  of  separation  between  the  two  will  be  produced, 
and  the  deposit  will  have  a  bedded  or  stratified  structure 
given  to  it.  Further  the  velocity,  which  is  sufficient  to 
sweep  along  fine  mud,  is  not  able  to  move  coarse  sand,  and 
hence  at  one  time  the  former  alone,  and  at  others  the  two 
together,  will  be  laid  down  beneath  the  still  water.  In 
this  way  the  deposit  wiU  come  to  have  in  it  layers  of  dif- 
ferent degrees  of  coarseness  and  different  composition. 
Again  the  heavy  materials  can  at  no  time  be  carried  so  far 
out  into  the  lake  as  the  lighter  and  finer;  and  thus  the 
stuff  brought  down  will  be,  so  to  speak,  sorted,  coarse 
deposits  wfll  prevail  near  the  mouth  of  the  river,  and  will 
thm  away  in  a '  wedge-shaped  form,  and  be  replaced  by 
finer  beds,  as  we  advance  towards  deeper  water.  All  this 
is  foimd  to  be  the  case,  when  we  aram  lakes  and  cut 
into  the  accumulations  which  have  been  formed  beneath 
their  waters. 

The  stratified  structure  of  the  Gritstone  mass,  of  which 
our  specimen  formed  a  part,  is  so  exactly  similar  to  that  of 
deposits  forming  nowadays  beneath  still  water  in  the 
manner  just  described,  that  we  have  no  hesitation  in 
ascribing  it  to  the  same  cause  which  is  giving  them  their 
bedded  arrangement,  and  every  step  in  the  history  of  its 
formation  is  now  clear  to  us.  Its  materials  wore  furnished 
by  the  atmospheric  wear  and  tear  of  GFranite  :  they  were 
washed  by  rain  down  lull-slopes  into  running  streams,' 
carried  forward  during  floods  into  bodies  of  still  water, 
and  there  they  came  to  rest  in  layers  laid  one  over  the 
other  by  successive  freshets :  the  bands  of  clay  Ij'ing 
>>etween  the  different  beds  of  Gritstone,  were  formed  in 
the  same  way,  when  the  streams  were  lower  and  had  not 
jiower  to  carry  anything  heavier  than  fine  mud. 

Socks  like  this  Ghitstone,  because  they  are  made  up  of 
broken  pieces  of  pre-existing  rocks,  are  sometimes  spoken 
of  as  Clastic  (cAiurros,  broken)  or  Derivative  :  and  because 
they  have  been  formed  under  water  they  go  by  the  name 
*jf  Subaqueous.  Those  derivative  rocks,  which  have  been 
formed  not  by  the  mechanical  wear  and  tear  of  pre-existing 
rocks,  but  by  the  chemical  decomposition  of  their  con- 
stituents, are  sometimes  called  Dialytic,  but  the  distinction 
VA  not  of  much  importance. 

Repeated  observations,  similar  to  that  just  described, 
bring  home  to  us  the  conviction  that  the  solid  matters, 
wludi  form  the  surface  of  the  earth,  are  constcmtly  imder-* 
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OwMT  and  tear;  that  the  loose  rnbbuih  thus  paRi> 
is  being  incowantlT  ecniTeTed  by  the  aflenoy  of  nin 
and  ronning  water  from  higher  to  knrer  levebi  tul  at  last 
it  comee  to  rest  beneath  luge  bodies  of  still  water,  where 
it  is  spread  out  in  lajen  approziniatelT  hmiaontal ;  and 
that  it  is  in  this  way  Uiat  a  luge  part  of  the  bedded  looks 
of  the  eazth*8  crust  haTe  arisen. 

Paamdatioa. — ^The  process  1^  which  the  snx&oe  of  the 
pTound  is  broken  up  uid  its  mins  oairied  awaj,  is  known 
as  Denudation,  and  tne  agencies  bj  which  this  is  effected,  as 
Denuding  Agents.  A  thoroo^  gnsp  ^  the  way  in  whidli 
Denudation  works,  lies  at  the  root  ti  all  sound  geological 
knowledge,  and  we  will  derote  the  rest  of  tiie  present 
chapter  to  this  subject 

Bmuaamtioa  cSPBaBviiag  Agsata^ — ^Denuding  agen- 
cies nun  J  be  classed  under  the  following  heads. 

1.  Eain.  2.  Eunning  Water,  wheuer  above  or  below 
gTv>und.  3.  Fiost  and  Frozen  Water.  4.  Wind.  5.  AniTn<^^ 
anvi  Vegetable  agencies.     6.  The  Sea. 

The  drsr  dve  are  generally  classed  together  as  SubaeriaL 
Armv^pLerie,  or  Meteoric  Denuding  agents.  The  denu- 
dation wn.)ught  by  the  sea  is  distingxiished  as  Marine. 

SECTION  II.— HOW  DENUDING  AGENTS  WORK. 

We  will  now  look  at  the  way  in  which  each  of  the 
denuiliug  ag\^nt8  just  enumerated  works,  and  the  results  it 
pnMiuix»:>. 

We  shall  have  to  consider  each  first  as  a  jn-oducery 
secondly  as  a  carrier  of  waste. 

1. — Rain. 

Rain  aots  on  the  surface  of  the  ground  in  two  ways, 
Mtvhauinilly  and  Chemically. 

Oi  the  water  which  falls  upon  the  earth  from  the  clouds 
ivart  rises  again  into  the  air  by  evaporation,  or  is  taken  up 
by  plants:  i>art  streams  over  the  surface,  and  is  at  last 
tvllt\tt\l  into  bnxiks :  jvart  sinks  into  the  ground,  and,  after 
pursuing  for  a  longer  or  shorter  distance  an  underground 
i\>urso.  rises  again  in  springs.  We  have  here  to  deal  with 
that  |v<irt  whioh  flows  over  the  surface,  before  it  becomes 
g;ithort\l  into  a  Jetinite  channel. 

Kechanical  Afftio^  of  Bain. — Water  during  this  por- 
tion of  its  ivurse  exerts  an  important  mechanical  effect  as 
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a  canying  agent :  any  loose  surface  matter  produced  by 
the  decomposition  of  the  rock  beneath  is  swept  on  by  it, 
and  adranced  a  step  forwards  on  its  road  to  the  riyulet, 
which  will  at  last  receive  both  it  and  the  agent  which 
movee  it.  At  the  same  time,  as  these  loose  materials  roll 
over  the  ground,  they  still  further  abrade  and  wear  away 
the  surface.  The  power  of  a  gentle  shower  to  move  fine 
mud  may  be  seen  any  rainy  day  either  in  a  ploughed  field 
or  by  a  roadside:  heavy  storms,  even  in  temperate  cli- 
mates, cany  far  coarser  materials  than  most  people  are 
aware  of,  spedaUy  if  the  slope  of  the  ground  be  steep.  I 
recollect  well  enough  having  to  leave  a  rock,  which  was 
affording  me  some  small  shelter  during  a  thunderstorm  in 
the  centre  of  England,  on  account  of  the  shower  of  stones 
which  the  rain  washed  over  the  edge,  preferring  the  cer- 
tainty of  being  wet  through  to  the  chance  of  having  my 
head  broken.  In  the  tropics,  where  not  only  is  the  ramfall 
very  large  in  amount,  but  also  where  an  enormous  quan- 
tity comes  down  in  a  very  short  time,  the  carrying  and 
wearing  effects  become  enormously  increased. 

We  must  also  recoUect  that  rain,  besides  acting  as  a 
carrier  of  loose  matters,  which  it  finds  ready  to  hand, 
8oftens  many  rocks,  such  as  Clay,  and  so  renders  them  an 
easier  prey  to  showers  that  come  after. 

The  earth  pillars  of  the  Tyrol  furnish  an  excellent 
instance  of  a  case  of  denudation  on  a  large  scale,  which 
can  have  been  produced  only  by  the  action  of  rain. 
There  is  a  very  full  account  of  them  in  LyeU's  **  Prin- 
ciples," 10th  ed.  voL  L  p.  335. 

Chamical  Action  of  Bain. — ^Eain  also  has  the  power 
of  acting  chemically  on  certain  rocks,  and  carrying  away 
some  of  their  constituents  in  solution. 

The  rock  most  largely  attacked  in  this  way  is  Limestone. 
There  is  a  gas  popularly  known  as  Carbonic  Acid,  but 
which  is  styled  by  chemists  Carbon  Dioxide  (CO,).  A 
solution  of  Carbon  Dioxide  in  water  is  supposed  to  form  a 
weak  add.  Carbonic  Acid  (HgCO,).  Carbonic  Acid,  or  a 
mixture  of  Carbonic  Add  and  water,  has  the  power  of  dis- 
solving Caldum  Carbonate  (CaCOj),  or  Carbonate  of  Lime, 
as  it  IS  often  called.  Now  Carbonate  of  Lime,  it  will  be 
remembered,  is  the  chief  constituent  of  Limestone,  and 
whenever  water  impregnated  with  Carbonic  Add  comes  in 
contact,  with  Limestone,  the  Caldum  Carbonate  is  dissolved 
out  and  carried  away  in  solution.  Almost  all  water  on  the 
earth's   surface    contaios  more  or  less  Carbonic   Add; 
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Oorbon  Dioxide  eiist«  in  snmJl  qnantity  in  lie  air.  and 

TBin,  aa  it  taSa,  takee  iip  aomp,  and  bo  becomes  miied  wiA 
CJarbonio  Add ;  the  same  result  ia  produced,  when  rain- 
water comes  in  oontntt  with  decaj'ing  vetfetablo  matter,  an 
it  flows  over  the  aurfaco  of  tJie  ground.  Almost  all  eurfat^ 
water  tben  has  tie  power  of  altat^ldn^  limestone,  the  dis- 
Bolving  away  of  that  rock  goes  on  inceasantJy,  and  the 
■mount  whicli  ia  thiis  slowly  and  itteenaibly  curried 
away  becomes  in  time  very  eonaideroble  indeed.  It  is 
in^  this  way  that  the  i.-BTerna  and  luiderground  wat«reoiirseB, 
with  which  all  Limeatone  coimtriee  abound,  are  formed.  It 
is  curious  on  taking  up  a  good  topographical  map  of  oer- 
tsin  distrieta  to  note  that  there  is  o  hno  on  reaching  whicli 
all  the  streams  suddenly  ceane.  This  line  marks  the  boun- 
dary between  a  tract  of  Limestone  and  some  otJicr  rock 
insoluble  in  water:  over  the  latter  the  water  runa  in 
brooks,  but  on  reaching  tlie  former  it  has  by  degrees 
disBolviMl  HWftT  tho  rock  and  eulen  out  underground  dian- 


Fig.  T. — Ci^x  WITH  FuMia  bestiko  on  Chalk. 
a.  CUrvitb ninti.  i.  Chilk. 

nels,  into  which  it  sinks  and  flows  aWay  out  of  sight.  It 
is  for  this  reason  too  that  Limestone  districts  abound  with 
fuDuel-ahaped  cavities,  descending  from  the  surface  verti- 
cally into  Uie  rock,  into  which  water  sinks  and  diaappeara. 
They  are  often  called  Swallow  Holes  or  Swallows.  Wiep- 
ever  Ihere  waa  any  little  depression  in  which  water  could 
lodge,  the-bottom  was  eaten  away  lower  and  lower,  and  a 
pipe  formed  at  last  leading  from  ttie  surface  into  an  under- 
ground channeL  Distriota  composed  of  very  pure  Lime- 
"rtone  ahow  bare  rock  up  to  the  surface,  because  the  rook 
ts  entirel3'  soluble ;  when  however  the  Limestone  contains 
insoluble  impurities,  these  remain  behind,  and  give  us  the 
means  of  forming  a  rough  estimate  of  how  mn<£  has  been 
removed.  We  have  a  good  instance  of  this  in  the  south 
of  England.  The  surface  of  the  Chalk  Downs  there  is 
often  covered,  as  shown  in  Fig.  7,  with  a  red  Clay  full  of 
Flints,  known  as  Olay  with  flints;  the  origin  of  wluch  ia  as 
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foUowB.*  Chalk  oontainB  from  94  to  98  per  cent,  of  Car- 
bonate of  lime,  miAed  with  from  2  to  6  per  cent,  of  clayey 
and  earthy  matters,  it  has  also  embedded  in  it  many 
nodules  of  Flint.  The  two  last  are  practically  insoluble, 
and  therefore  remain  behind  when  the  first  is  dissolyed 
and  carried  away  by  percolating  rain-water.  The  Clay 
with  Flints  often  reaches  a  thickness  of  many  feet,  and 
testifiee  to  the  lai^e  extent  to  which  the  rock  has  been 
insensibly  dissolyed  away.f  In  the  same  way  many  parts 
of  PalesdneJ  are  thickly  strewn  with  loose  lumps  of  Flint, 
which  haye  remained  behind,  while  the  Limestone,  in 
which  they  were  originally  contained,  has  been  carried  off 
in  solution.  There  is  scarcely  any  of  the  manifold  denuding 
pzocesses,  which  is  of  such  importance  and  so  constantly 
brought  before  the  notice  of  the  geologist,  as  the  dissoly- 
in^  away  of  Limestone  by  Carbonated  Water. 

In  some  cases,  where  Limestones  contain  a  large  admix- 
ture of  siliceous  matters,  a  sort  of  skeleton  of  the  latter 
remains  behind  when  the  Carbonate  of  Lime  is  dissolyed 
out,  forming  what  is  known  aS  Bottenstone. 

Another  important  decomposition  effected  by  Carbonated 
Water  is  that  of  the  Potash  and  Soda  Felspars.  The  result 
is  the  production  of  Clay,  and  it  is  from  this  source  that 
the  materials  of  the  clayey  rocks  haye  been  in  the  first 
instance  deriyed.  We  may  take  the  decomposition  of 
Orthodase  as  an  instance.  That  mineral  is  a  double  Tri- 
silicate  of  Alumina  and  Potash  :  the  result  of  its  decompo- 
sition is  Kaolin  or  China  Clay.  The  composition  of  Kaolin 
seems  from  the  inyestigation  of  chemists  to  be  yariable, 
but  some  forms  of  it  certainly  approach  yery  nearly  to  a 
Hydrated  Bisilicate  of  Alumina  with  the  composition 
2SiO^Al,05-h2H,0,  oi^ 


Silica    . 
Alumina 
Water  . 


46-6 
39*5 
13-9 


The  following  example  of  Kaolin  comes  under  the  aboye 
formula: — 

Silica 46-32 

Alumina     ....     39*74 
'  Iron  Oxide ....         '27 


*  G«^og7  of  parts  of  Middle- 
Ben,  Herti.  Bn&B,  Berks,  and 
Surrmr  (ICemoin  of  the  Geolo- 
gical onirej  of  England),  p.  68. 


t  See  also  Biachoff,  Chemical 
Geology,  iii.  194. 

t  Dictionary  of  the  Bible,  Art. 
"Paleatine." 
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Magnecia   •        •        •        .        *44 
Water        ....    12-67 

The  result  of  the  deoompoaitini  then  has  beea  to  vonom 
the  whole  of  the  Potaah  aad  a  part  of  the  SiBaa.  fHimakti 
are  not  agreed  as  to  the  fmn  and  maaziar  in  irliiali.  thaai 
constituentB  are  oanied  awi^.  Some  think  thai  a  aohihle 
Silicate  of  Potaah  ia  fonned.  Othan  hold  that  the  Silicata 
of  Potaah  is  decompoaed,  aad  that  the  Folaak  oomMnaa 
with  Carbonic  Add  aad  goea  awair  aa  Oarboaate  ot  Plnhwh, 
or  partly  as  Oarbonate  aad  paray  nnoomhined,  aad  that 
the  latter  is  taken  up  bj  plaata.  ThereaoltingSifioaBugr 
be  carried  away  in  aoltttion  aad  ledanoaitea  elaiawhienw 
The  oooorrenoe  of  nodnlea  ot  Opal,  Ohajoedony,  aad  other 
forms  of  colloidal  SiKoa  in  BjuMin,  makea  it  VBryvnlbtillB 
that  some  at  least  of  the  Silica  ia  disposed  of^  in  UbiB 
manner :  but  many  Kaolins  contain  a  much  larger  percen- 
tage of  Silica  than  correi^ponds  to  the  formula  given  above, 
and  in  their  ease  it  is  likely  that  the  whole  of  the  free 
SiHca  IB  not  removed,  but  remains  either  ia  a  state  of 
mechanical  mixture,  or  combined  in  some  difEerent  propor- 
tion with  the  Alumina.* 

The  formation  of  Kaolin  goes  on  naturally  to  a  large 
extent  in  many  Qranite  districts,  Cornwall  for  instance,! 
and  deposits  of  the  Clay  are  formed  in  hoUows  or  flats,  to 
which  it  has  been  carried  by  running  water :  such  deposits 
contain  trains  of  Quartz,  imperfe^y  decomposed  frag- 
ments of  Felspar,  scales  of  Mica,  and  other  impurities, 
which  are  separated  by  washing. 

The  Oxygen  of  the  air  contained  in  rain-water  also 
enables  it  to  oxidise,  or  raise  the  degree  of  oxidation  of 
some  constituents  of  rocks.  Thus,  for  instance,  many 
rocks,  when  brought  from  a  depth  below  the  surface,  where 
they  are  protected  from  the  action  of  the  air,  are  blue  or 
grey,  the  colour  being  due  to  Carbonate  of  Protoxide  of 
Iron.  But  the  same  rocks,  when  exposed  to  the  atmosphere, 
are  red,  yeUow,  or  brown,  because  the  colouring  matter 
has  been  converted  into  an  anhydrous  or  some  hydrated 
Sesquioxide. 

Oi  the  substances  acted  on  chemically  by  rain-water  the 

*  Zirkel,  Petrogra^hie,  iL  608 ;  f  Do  la  Beche,  Report  on  the 

Nanmann,    Geognosio,    i.    726  ;      Oeology  of  Cornwall,  Devon,  and 
Bischoff,    Chemical  Geology,  ii.      West  Somerset,  p.  509. 
176;   Wagner,  Chemical  Tech- 
nology, p.  293. 
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one  most  largely  dissolved  is  Carbonate  of  Lime,  bardy 
because  it  is  so  readily  soluble,  and  partly  because  lime- 
stone is  a  rock  so  umversally  diffused.  This  being  the 
case,  it  certainly  seems  strange  that  this  salt  can  scarcely 
be  detected  at  all  in  solution  in  sea-water;  Sulphate  of 
lime  and  Magnesian  Salts,  which  have  doubtless  come 
there  in  the  same  way  as  Carbonate  of  Lime,  we  do  find  in 
sensible  quantities,  but  the  last  only  in  the  smallest  amoimt, 
or  not  at  alL  These  apparently  contradictory  facts  are 
capable  of  easy  explanation,  as  we  shall  see,  when  we  come 
to  look  at  the  formation  of  Calcareous  rocks. 

Besides  the  substances  mentioned,  rain-water  dissolves 
and  carries  away  in  solution  others  less  common,  as  Bock 
Salt,  Sulphate  ca  Lime,  Sulphate  of  Magnesia,  and,  imder 
esrtain  cucomstances  already  mentioned,  SiHca. 

2.  EuNNiNO  Water. 

Birara  mi  Carridm  of  Sediment. — As  the  portion  of 
the  rain  that  streams  over  the  ground  becomes  gathered  into 
definite  channels,  it  brings  into  the  brooks  so  formed  the 
matters  which  it  has  swept  mechanically  along  with  it, 
or  which  it  holds  in  solution,  and  the  first  function  which 
running  streams  perform  is  to  carry  these  on  in  their 
downward  course. 

In  this  way  alone  streams  and  rivers  are  most  important 
auxiliaries  in  the  work  of  denudation,  they  prevent  accumu- 
latious  of  debris  from  acting  as  a  shield  against  the  action 
of  denuding  agents,  and  allow  a  bare  surface  to  be  always 
maintained  for  the  latter  to  work  upon. 

We  are  apt  at  first  sight  to  underestimate  the  carr^-ing 
power  of  running  waters,  and  to  take  notico  only  of  the 
liglit  matters  which  float  on  the  surface,  overlooking  the 
itf  more  important  burden  of  fine  mud  they  hold  in  sus- 
pension, the  matters  carried  down  in  solution,  and  all  they 
move  for?raid  by  pushing  them  along  the  bottom.  It  is 
only  when  the  amount  of  matter  carried  by  rivers  is  sub- 
jected to  actual  measurement  that  we  come  to  realise  how 
large  it  really  is.  To  take  two  instances,  it  has  been 
determined  that  the  Mississippi  carries  7,459,267,200  cubic 
feet  of  sediment  every  year  mto  the  sea  ;  and  the  Khone 
600,361,800:  the  first  of  these  quantities  would  cover  a 
square  mile  of  ground  to  a  depth  of  268  feet.*    We  must 

*  Thd  stndeiit  will  do  well  to  bj  Professor  Geikie,  in  Jakes' 
oonsaH  tlM  adminble  and  ex-  Students*  Mannal  of  G^logy, 
haastivtirettnientof  this  sabject,      3rd  ed.,  pp.  420 — 429. 
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also  i^BGolleGt  that  sinoe  the  rtpeoifio  grayity  of  rooks  lies 
between  2  and  3,  they  lose  from  a  hiQf  to  a  third  of  thair 

weight  in  water. 

During  floods  the  canying  power  of  xiveis  becomes  very 
much  increased,  but  I  beUeve  yezy  few  people  axe  aware 
how  enormous  ihe  increase  is,  imless  actual  instaooes  of  fhe 
work  done  by  violent  rushes  of  water  happen  to  have  oome 
under  their  notice.*  Here  then  are  the  details  of  a  ooaple 
of  actual  cases. 

In  1866,  twenty  inches  of  rain — more  than  Mis  in  many 
places  in  England  in  the  course  of  a  year— fell  in  Boindem 
twenty-four  hours,  and  the  Mulleer  Biver  rose  in  oonfle- 
quence  to  an  imusual  height.  The  yalley  was  Grossed 
sixteen  miles  above  Kurrachee  bv  a  bridge  oonstmofced  of 
wrought-iron  fi^irders.  The  flood  bankeid.  up  wood  and 
grass  against  tne  bridge,  and  at  last  threw  it  over,  and  one 
of  the  ^ders,  weighing  eighty  tons,  was  carried  two  miles 
down  me  river  ana  buried  in  sand.  It  is  probable  that  in 
this  case  the  accumulation  of  drift-wood  served  in  some 
measure  to  buoy  uj)  the  girder,  but,  even  allowing  for  this, 
the  transporting  power  of  tlie  current  must  have  been 
astonishing,  f 

In  1864  a  frightful  flood  was  caused  by  the  bursting  of  a 
reserv'oir  above  Sheffield.  The  rush  of  water  was  most 
violent,  for  it  was  estimated  that  40,000  cubic  feet 
passed  along  the  narrower  part  of  the  valley  per  second. 
The  official  report  states  that  92,000  cubic  yards  of  the 
embankment  were  swept  away  in  less  than  half-an-hour, 
and  mentions  one  stone  weighing  thirty  tons  which  was 
moved ;  I  saw  myself  a  stone  of  about  two  tons,  which  I 
could  identify  by  its  shape  as  having  formed  part  of  a 
weir  more  than  a  hundred  yards  up  the  valley.  "Whole 
acres  of  meadow  land  were  deeply  buried  beneath  heaps 
of  debris,  consisting  mainly  of  large  angular  blocks  of 
rock,  which  the  torrent  had  torn  oS  from  the  banks  as  it 
rushed  along. 

Besides  mechanically  formed  sediment  rivers  also  cany 
away  large  quantities  of  matter  in  solution,  which  has  been 
brought  into  them  by  rain  or  spring  water,  or  dissolved 
out  in  their  passage  over  soluble  rocks.  Thus  the  waters 
of  the  Nile  contain  14  parts  in  100,000,  those  of  the  Ehone 

*  Mr.  Hopkins  states  that  the  Joum.  GeoL  Soo.  of  London,  vol. 

weight  which  a  current  of  water  yiii..  Presidential  Address,  p.  27. 

can  move  increases  as  the  tixth  f  Quart.  Journ.  GeoLSoc.  of 

power  of  the   velocity.    Quart.  London,^  vol.  xxiv.  p.  124. 
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17,  those  of  the  Main  24,  and  those  of  the  Thames  40  of 
matter  in  solution. 

]>eniidatioii  wrought  hj  Bivers  directly.  —  B^it 
besides  acting  as  the  bearers  of  matter  brought  into  them, 
streams  take  also  a  direct  part  in  the  work  of  denudation. 

^aiming  water  has  of  itself  little  or  no  power  to  abrade 
rocks,  except  in  so  far  as  it  may  in  some  cases  soften  them 
and  destroy  their  coherency  by  soaking  into  them ;  but  the 
sediment,  with  which  all  streams  are  charged,  enables 
them  to  effect  a  very  large  amoimt  of  destruction.  This 
wears  away  the  banks  as  it  passes,  and  portions  from  time 
to  time  become  imdermined  and  topple  over  into  the  current, 
there  to  be  groimd  fine  and  in  the  end  swept  away.  The 
process  maybe  seen  going  on  even  in  rivers  which  flow 
peacefully  through  comparatively  flat  districts;  and  in 
more  rugged  tracts,  where  the  stream  runs  at  the  foot  of  a 
lofty  din,  the  amoimt  brought  down  by  each  fall  is  pro- 
portionately increased.  The  imdercutting  will  evidently  go 
on  faster  if  the  base  of  the  diff  consists  of  a  rock  softer 
than  that  on  the  summit,  or  if  there  be  springs  bursting 
oat  on  its  face. 

Thus  rivers  are  always  performing  a  twofold  work ;  they 
sweep  along  debris  brought  into  them  by  rain,  and  this 
enables  them  to  wear  away  their  banks  and  beds,  and  to 
grind  small  the  masses  detached  by  its  action,  while  it  is 
itself  at  the  same  time  still  further  comminuted,  and  ren- 
dered capable  of  being  carried  more  easily  and  to  longer 
distances. 

The  direct  denuding  action  of  rivers,  like  their  carrying 
power,  is  of  course  vastly  increased  during  floods.  The 
Sheffield  flood  already  mentioned  furnished  admirable 
proofs  ol  this.  Some  small  farmhouses,  which  stood 
across  its  path,  were  sliced  in  two,  as  neatly  as  if  they  had 
been  cat  tlirough  with  a  knife,  one  half  carried  away,  and 
the  other  left  standing.  At  sharp  bends  in  the  valley, 
where  the  water  had  impinged  on  projecting  spurs  of  the 
bank,  or  where  it  had  been  driven  into  a  recess,  it  had 
excavated  in  the  solid  sandstone  rock  large  hollows,  which 
any  one,  who  was  not  aware  of  the  circumstances  of  the 
case,  would  have  supposed  to  be  quarries. 

IFadergroiind  Btrwaim, — ^We  will  next  turn  our  atten« 
tioa  to  the  water  that  circulates  underground.  In  the  case 
of  rocks  not  acted  upon  chemically  by  rain,  this  finds  its 
waj  down  through  cracks,  or  between  the  beds,  or,  in  the 
of  a  very  open  porous  rock  like  imconsolidated  sand, 
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thzongbthebodyof  thezodritMU  KittdowiiVMadooane 
is  stopped  bj  reaching  a  bed,  thzmu^irildoli  it  eamiot  loaoe 
its  way,  it  flows  along  tl&e  top  oc  tbia  bed*  aiid  t^U^gm, 
wben  the  bed  oomes  to  the  soxmoe^  either  in  wgaog^iBtt  bj 
a  general  oozinp^  out  above  the  omlibreak  ot  the  imj[wrfiona 
stratum.  Or  it  may  be  thai  the  enufa  bgf  whuh  it  is 
desoendin^^  become  so  naxrow  lliat  iiiQtioa  agun^ 
seriously  mipedes  its  foxtheir  progxeas;  if  in  this  oaae  it 
meet  with  a  wider  fissure  opennug;  out  upwaidi,  it  may  be 
easier  for  it  to  be  forced  up  this  ^h^dxmilic  pressaiouiaa 
to  continue  to  descend  by  gnmiyy  and  than  it  wiUnumntnp 
and  issue  as  a  spring.* 

The  natural  pipes  whicii  feed  springn  ot  this  elasi  will 
not  generally  nave  a  yezy  large  bore;  Dut  in  th»  ease  of 
rocks  which  are  chemically  acted  on.  by  rain,  tfaere  is 
scarcely  any  limit  to  the  size  of  the  nndergxonnd  channels 
which  wat^  makes  for  itself.  Among  the  widely  diffoaed 
rocks  Limestone  is  the  one  most  readily  soluble,  and 
in  it  accordingly  are  these  imderground  watercourses 
most  frequently  mot  with :  the  water  bursts  out  of  them, 
not  as  a  spring,  but  as  a  full-grown  brook ;  and  they  some- 
times swallow  up,  and  after  a  time  discharge  again,  the 
contents  of  good-sized  rivers.  It  is  scarcely  necessaiy  to 
give  instances,  but  we  may  mention  the  Holy  Well,  at  the 
town  of  that  name  in  Flintshire,  which  was  estunated  by 
Pennant  to  discharge  twenty-one  tons  of  water  in  a  minute. 

The  fable  of 

Divine  Alpheiis,  who  bj  secret  sluice 
Stole  under  seas  to  meet  his  Arethuse^t 

was  evidently  based  on  a  knowledge  of  the  facts  we  have 
been  describing,  examples  of  which  are  extremely  common 
in  the  calcareous  districts  of  Greece. 

Underground  streams,  provided  their  course  is  through* 
out  downwards,  may  and  do  produce  and  convey  mechanic- 
ally formed  sediment,  just  as  rivers  above  ground,  but  the 
amount  of  it  will  obviously  be  small.  Their  principal 
share  in  the  work  of  denudation  is  dissolving  and  canymg 
away  in  solution  anything  they  can  act  upon  chemically, 
and  the  amoimt  removed  m  this  way,  so  to  speak  invisibly, 
is  very  large  indeed. 

In  volcanic  districts,  or  where  springs  descend  to  a  great 
depth,  their  waters  become  heated  and  impregnated  with 

*  Geikie,  Primer  of  Physical  Geography,  p.  46,  Fig  ft. 
t  Comus. 
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aUudine  solutioiifl,  and  are  then  able  to  dissolve  8ilioa  and 
other  matters,  which  otherwise  they  would  not  be  able  to 
attack  so  easily.  We  have  already  seen  however  that 
under  certain  drcomstances  carbonated  and  acid  waters 
are  able  to  take  up  SiHca  at  the  surface.  The  increase  of 
pressure  at  great  depths  also  allows  water  to  become  more 
largely  carbonatedi  and  otherwise  increases  its  dissolving 
power. 

Water  aocumulating  below  groimd  assists  in  another  way 
in  bringing  about  denudation  of  the  surface.  When  large 
quantities  of  soluble  rocks,  such  as  Limestone  or  Bock 
Salt,  have  been  dissolved  away,  the  groimd  above  falls  in, 
and  thus  new  channels  are  formed  for  rivers  to  run  in,  and 
canj^  in  their  own  way  the  wearing  away  of  the  surface. 
Thus  man^  of  the  depressions,  in  imich  the  lakes  called 
'*  Meres  "  in  Cheshire  lie,  have  probably  been  formed  by 
the  sinking  of  c;roimd  beneath  wbich  thick  masses  of  Bock 
Salt  have  been  dissolved  away  ;*  and  many  of  the  **  Dales  " 
of  Derbyshire  and  other  Limestone  districts  have  all  the 
look  of  having  been  once  caverns,  the  roofs  of  which  have 
fallen  in-t 

8.  Frost  and  Ice. 

We  now  come  to  the  denuding  effects  of  water  in  its 
solid  shape  as  ice. 

If  water  be  gradually  cooled,  it  contracts  as  the  tem- 
perature decreases  till  39®  Fahrenheit  or  4**  Centigrade  is 
reached ;  it  then  begins  to  expand  and  continues  expanding 
till  it  is  converted  mto  ice  at  32**  Fahrenheit,  or  0**  Centi- 
grade. 

Frosaii  Water. — In  the  process  of  expansion  the  efforts 
of  the  molecules  to  get  further  apart  are  so  exceedinglv 
ixiwertulf  that,  if  the  water  be  shut  up  in  a  dose  vessel, 
thej  rend  the  latter  open,  even  though  it  be  formed  of  iron 
half  an  inch  thick.  Just  the  same  result  follows  when  water, 
which  has  soaked  into  the  cracks  and  crevices  of  a  rock, 
freeses.  The  expansive  force  tears  the  rock  open,  forces 
off  pieces  from  it,  and  throws  them  down  to  oe  worked 
onaU  by  rain  and  other  denuding  agents. 

The  amoimt  of  ruin  wrought  m  this  way  will  evidently 
be  veiy  considerable.    All  rocks  admit  water,  and,  wher- 

*  Omerod,  Quart.  Jo«im.(3eol.  b^hire  (Memoirs  of  the  (}eolo- 
8oe.,  iw,  262.  gical  Survey  of  England),  p.  2. 

t  Th«  GMogy  of  Korth  Der- 
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ffyetttott  ooomVy  it  MooniMOiid  of  tbB  niioik  powwful  sgMiti 
in  their  destmotion.* 

Olaoiani.^ — We  haye  ibeadj  seen  hfom  impartaiit^  a 
denuding  agent  water  is,  as  it  flows  ower  the  snnsee  in  ila 
liquid  state ;  in  those  eold  regions,  where  water  ean  edht 
oxuy  in  a  solid  oonditiop,  the  jdaoe  ol  streems  and  litets  is 
taken  bj  loe  Bivers  oir  Glaoura,  and  these  also  do  flurir 
share  of  denuding  and  transporting  woik.  There  is  a 
certain  line,  called  the  limit  of  peipetoal  snow,  whose 
height  in  the  tropics  is  some  16,000  or  16,000  iM  ahovs 
the  sea,  and  which  gets  lower  and  lower  as  we  go  nortbr* 
wards  or  southwards,  till  at  last  it  oomes  down  to  the  sea 
leveL  Above  this  line  the  teniperatnreneTer  rises  lor  long 
together  above  the  freeiing  point,  and  all  the  moistaro 
which  falls  from  the  sky  comes  down,  not  in  the  shape  of 
rain,  but  as  snow.  On  a  taUeJand,  whioh  rises  above  tUs 
limit,  snow  alone  will  fall ;  and,  as  very  little  of  it  is  ever 
melted,  layer  after  layer  will  be  added,  and  the  pile  will  be 
always  growing  in  thickness.  The  snow  thus  heaped  up  is 
compacted  into  ice  in  various  ways :  the  weight  of  the  mass 
forces  the  air  out  from  between  the  crevices  of  the  snow 
flakes,  and  binds  them  together ;  and  the  water,  which  the 
thawing  of  the  surface  by  the  mid-day  sun  produces, 
trickles  down  into  cracks  and  crevices,  and  becomes  frozen 
there  when  night  comes  on.  In  this  way  in  such  situations 
enormous  heaps  of  snow  and  ice  arise.  It  would  seem  at 
first  sight  that  imder  these  circimiBtancee  the  ice  heap  must 
increase  in  thickness  eveiy  year,  and  that  in  consequence 
the  table-land  on  which  it  rests  will  get  higher  and  higher 
as  time  goes  on;  but  this  is  not  tne  case,  snow-capped 
moimtains  and  ice-clad  table-lands  retain  the  same  eleva- 
tion in  spite  of  the  constant  additions  to  their  covering,  and 
there  must  therefore  be  some  means  by  which  ice  is  carried 
away  from  them  as  fast  as  it  is  being  added  above.  Now 
if  ice  were  a  body  rigid  like  glass,  this  increase  in  the  height 
would  take  place  wherever  the  ground  rises  above  the  snow 
line,  and  there  would  be  scarcely  any  limit  to  the  depth  of  the 
accumulations  which  would  be  formed  in  such  situations. 
But  though  to  look  at  it  any  one  might  well  suppose  that 
ice  has  as  little  power  to  change  its  shape,  bena,  or  mould 
itself  as  glass,  such  is  really  far  fnm  being  the  case. 
Under  a  sufficient  amoimt  of  pressure  ice  can  be  forced  into 
new  forms  almost  as  readily  as  moist  day  or  dough,  though 

*  See  Geol.  Mag.,  voL  vi.  p.  491,  for  a  good  instance. 
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tbe  amount  of  pressnre  required  to  mould  ice  is  far  greater 
than  Bufficea  for  the  modelling  of  these  evidently  plastio 
materials,  and  the  change  of  £ape  takes  place  in  a  totally 
different  manner  in  the  two  cases.*  Now  suppose  we  laid 
day  on  a  table  with  a  slight  bulge  upwards  towards  the 
middle,  from  which  boards  sloped  down  to  the  floor,  and 
kept  adding  to  it  above,  what  would  happen  ?  For  a  time 
we  might  go  on  adding  to  the  heap  without  producing  any 
effect,  but  as  we  kept  putting  more  and  more  on,  the 
weight  of  the  upper  part  would  squeeze  out  some  of  the 
day  below,  and  at  last  force  it  over  the  edge  of  the  table 
md  down  the  boards,  and  as  long  as  we  kept  heaping  on 
abore,  day  would  continue  to  be  squeezed  out  below,  and 
would  slide  in  an  unbroken  sheet  down  the  boards  on  to 
the  floor.  If  there  were  grooves  or  hoUows  in  the  surface 
of  the  boards,  the  flow  of  day  would  evidently  take  place 
diiefly  along  them. 

This  is  exactly  what  happens  when  a  great  heap  of  snow 
and  ice  has  been  piled  up  on  a  lofty  table-land ;  the  weight 
of  the  hoffe  mass  drives  portions  over  the  edg^  of  the  table- 
land and  down  its  dopes ;  and,  as  the  pressure  from  behind 
is  kept  m  by  the  additions  which  are  always  being  made 
to  the  pue  at  top,  a  continuous  and  steady  flow  is  main- 
tained. In  hi^h  latitudes,  where  the  snow  line  comes  down 
to  the  sea  level  and  the  whole  land  is  cased  in  ice,  there  is 
a  disdiarge  of  the  latter  all  along  the  coast  line  into  the 
sea ;  in  more  temperate  climates,  where  snow  accumulates 
pennanently  only  on  very  high  ground,  the  ice  drains  off 
down  the  valleys  in  the  form  of  long  tongues,  known  as 
graders,  which  are  really  ice  rivers,  always  sliding  down- 
wards, and  whose  motion,  except  that  it  is  slower,  differs 
in  no  respect  from  that  of  streams  of  liquid  water.  Gladers 
descend  far  below  the  snow  line,  but  sooner  or  later  reach 
a  level  at  which  they  can  no  lon^r  remain  in  a  frozen 
state,  when  they  melt  and  become  nvers. 

The  under  surface  of  a  glader  is  just  at  the  melting  point, 
and  the  water  derived  from  the  thawing  of  the  bottom  layer 
of  the  ioe,  together  with  that  which  smks  down  crevasses 
when  the  upper  surface  is  mdted  by  the  mid-day  sun,  runs 

*  The    ttodent    who    wishes  oeedings  of  the  Boyal   Sodety, 

UStj  to  Qndentand  how  ice  is  XTii.    202;     Croll,    !Phil.    Mag., 

tUe  to  manage  tliis,  must  consalt  March,    1869,    and     September, 

TpidaD,   The   Gladers    of    the  1870 ;  Climate  and  Time,  chaps. 

Alps;    Ljell,  Prindples,  vol.  i.  xxx.  and  xxxi. ;  also  Nature,  i« 

cUp  ztL  ;  Canon  Moeeley,  Pro-  1 16,  iv.  447,  v.  185,  ri.  396. 
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in  a  stream  betweeii  the  bate  ol  the  glaoiar  and  the  rook  on 
which  it  rests,  and  issuee,  often  in  considanble  hodj,  bom 
beneath  the  snout. 

The  table-land  on  which  snow  aoonmnlatee  is  oalled  tlie 
''gathering  ground,"  and  the  parent  xnaas  ol  mow  tiie 
<'snowfield"or  "n6v6." 

Glaciers,  like  rivers,  act  as  earners  of  debris  brouj^  on 
to  them.  On  the  bare  mountain  slopes,  whiehiise  above  the 
ice,  atmospheric  weatherinK  goes  on  laxvdjjr,  and  the  loose 
matters  thus  produced  xoU  £>wn  the  huLudes  and  fall  on 
to  the  surface  of  the  ice.  Thus  long  lines  of  dirt^  atoneei 
and  large  ang^ular  blocks  of  xook  are  always  found  frini^ing 
the  edges  of  a  glacier.  These  axe  called  ZsUni  Mormmm. 
AVhen  two  valleys  meet  and  their  respective  gladarB  unites 
the  two  inner  lateral  moraines  run  together  into  a  heap  of 
rubbish  in  the  middle  of  the  glacier  and  form  what  is  cabed 
a  Medial  Moraine,  In  the  case  of  a  large  glacier  formed  by 
the  jimction  of  many  tributaries,  there  will  be  many  of 
these  medial  moraines,  so  that  in  some  cases  the  surface  is 
60  thickly  strewn  with  dirt  and  rubbish,  that  the  ice  can 
scarcely  be  seen  through  it.  All  this  burden  is  carried 
slowly  forward  by  the  downward  movement  of  the  glacier, 
and  at  last  shot  over  the  end,  where  it  is  piled  up  in  a 
heap  called  a  Terminal  Moraine,  The  Terminal  Moraine  is 
constantly  being  worn  and  wasted  by  the  stream  which 
issues  from  beneath  the  snout  of  the  glacier,  and  its  mate- 
rials are  ground  fine  and  swept  down  and  go  the  way  of 
other  products  of  Atmospheric  jDenudation. 

Fig.  8  is  a  somewhat  diagrammatised  view  of  a  glacier 
formed  by  the  jimction  of  me  ice  streams  of  two  valleys : 
the  outer  lateral  moraines  fringe  the  edges,  a  medial 
moraine  is  seen  formed  by  the  union  of  the  two  inner 
lateral  moraines  :  at  the  extremity  the  lateral  and  medial 
moraines  are  being  shot  over  to  form  a  terminal  moraine. 
A  stream  rushes  out  from  an  ice-cave  beneath  the  glacier, 
which  has  cut  its  way  through  the  tenninal  moraine,  so 
that  only  small  portions  of  the  latter  remain  on  each  side. 
In  the  extreme  distance  we  catch  a  glimpse  of  snow-clad 
liills  forming  part  of  the  snowfield.* 


•  TLo  reader  who  wishes  to 
have  in  a  few  words  a  graphic 
description  of  glacier  regions, 
should  turn  to  Professor  Geikie's 
Primer  of  Physical  Geography, 
p.  75.    For  details,  see  the  works 


of  Agassiz,  Gharpentier,  J. 
Forbes,  TviidaU,  and  the  pnb« 
lications  of  the  Alpine  Club ;  also 
the  '*  Report  on  Ice  as  an  Agent  of 
Geological  Change,"  Reports  of 
British  Association,  18G9,  p.  171. 
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As  rivers  abrade  their  baolcB  and  beds  by  fhe  aid  of  the 
sediment  they^  cany  along,  so  gladers  wear  away  the 
bottoms  and  sides  of  the  yalleyB  along  which  they  flow. 
Stones  fall  through  the  fissoree  or  Grerasses  which  traverse 
the  ioe,  or  are  picked  np  from  flie  bed  of  the  slacier,  and 
get  firmly  frozen  into  its  base.  The  nnder  snz&oe  is  thus 
converted  into  a  great  xasp,  which  grinds  the  rocks  over 
which  the  glacier  passes,  and  wears  them  down  into  the 
finest  and  most  impalpable  mud.  The  stream  below  the 
glacier  carries  this  on,  and  rashes  out  from  beneath  the 
end  largely  charged  with  mud  jnonnd  so  fine  as  to  be 
easily  carried  to  lonff  distances.  The  jpreat  network  of  the 
tributaries  of  the  Koine  for  instance  is  formed  of  streams 
draining  the  northern  flank  of  the  Swiss  Alps,  the  fine 
g:lacial  mud  brought  down  hv  them  is  carriea  on  by  the 
river,  and  out  of  m  settlings  the  flat  lands  of  HoUandnave 
been  in  great  measure  formed. 

Continental  ZoeHdieets. — ^In  Arctic  or  Antarctic  regions, 
where  the  conditions  for  the  accimiulation  of  large  masses 
of  snow  and  ice  are  present,  the  ice  is  not  confined  to  tho 
valleys,  but  the  whole  land  becomes  cased  in  a  widespread 
sheet  of  it,  which  wraps  everything  in  one  unbroken  cover- 
ing from  the  highest  ground  down  to  the  sea  level.  Tho 
best  known  case  of  this  sort  is  that  of  Gxeenlaud :  tho 
interior  of  this  country,  wherever  an  attempt  has  been 
made  to  penetrate  into  it,  has  been  foimd  to  do  buried  in 
ice,  and  it  is  probable  that  the  ice-sheet  stretches  without 
break  over  the  whole  land.  In  some  parts  the  frozen  mass 
reaches  quite  down  to  the  coast,  and  terminates  in  an  abnipt 
wall,  not  uncommonly  from  one  to  three  thousand  feet 
high,  and  sixty  miles  or  more  in  length.  Elsewhere  strings 
of  ^  ill  ft  stand  up,  like  islands,  between  the  interior  ice  and 
the  sea,  and  in  the  valleys  and  fiords,  which  separate  these 
detached  masses  of  bare  land,  the  ice  passes  out  to  sea  in 
great  glaciers.* 

Just  in  the  same  way  as  glaciers,  masses  of  continental 
ice  are  always  slowly  moving  from  the  interior  to  the  coast, 
whence  thoy  continue  their  motion  over  the  sea  bottom  till 
the  water  is  deep  enough  to  buoy  the  end  up :  hu^e  masses 
then  break  oS  and  fioat  away  as  icebergs.  Icebergs  are 
also  formed  by  portions,  which  tumble  into  the  water  from 

*  See  the  works  of  Dr.  Kane  nal  of  Ro^  Gkofljaphical  80- 

and   Dr.    tiaycB ;    Dr.    Bro¥m,  ciet^,  xxiii.  146.     For  the  Ant* 

Quart.  Joum.  Geological  Soc.  of  arctic  Kegions,  see  Sir  J.  Ro0s*9 

London,  xxvi.  671;  Rink,  Jour-  Voyages. 


OfiOUND  ICE*  109 

the  wall  in  wldch  the  ice-sheet  sometimes  terminates.  Just 
as  in  the  case  of  glaciers  too  continental  ice-sheets  grind 
the  surface  of  the  ground,  over  which  they  pass,  into  fine 
mud,  and  discharge  large  quantities  of  it  by  subgladal 
streams  directly  into  the  sea.  But  it  also  seems  likely  that 
hxLge  ice  masses,  such  as  we  are  now  considering,  will  grind 
and  tear  up  the  groxmd  underneath  them  to  a  much  larger 
extent  than  even  the  largest  yalley  glacier  can  do,  and  tnat 
there  will  be  thus  fonned  beneatili  them  a  g^at  mass  of 
stones  and  dirt  To  this  the  name  of  Moraine  Profonde  or 
Grundmorane  is  siyen.  This  peU-mell  assemblage  will 
be  pushed  to  and  tro  by  the  movmg  ice,  and  if  it  be  driven 
into  a  valley  or  sheltered  recess,  the  ice-sheet  may  ride  over 
it  and  disturb  it  no  further,  and  there  it  may  remain,  and 
if  any  improvement  in  dimato  cause  the  ice  to  disappear,  it 
will  furnish  a  proof  of  the  former  presence  of  an  ice-sheet 
long  after  the  latter  has  ceased  to  exist.* 

If  any  peaks  of  bare  rock  rise  above  the  surface  of  a 
sheet  of  continental  ice,  moraines  will  be  formed  on  the 
latter,  just  as  they  are  formed  on  glaciers,  and  carried  down 
to  tied  coast.  Icebergs  bear  away  portions  of  this  moraine 
matter,  and  also  stones  from  the  moraine  profonde  frozen 
into  their  base,  and  drop  their  burden  as  they  melt.  In 
this  way  rubbish,  and  large  imrounded  blocks  of  rock,  are 
deposited  on  the  sea  bottom  far  away  from  the  source  from 
which  they  were  derived. 

Coast  loa. — ^Ice  also  does  important  work  as  a  carrier  of 
denuded  matter,  in  the  shape  of  coast  ice  and  ground  ice. 
In  high  latitudes  it  often  happens,  that,  from  the  melting  of 
snow  on  the  shore,  the  water  adjoining  the  land  becomes 
freshened  far  enough  to  allow  of  its  freezing  at  a  higher 
temperature  than  the  body  of  the  sea,  and  a  belt  of  ice, 
known  as  coast  ice  or  **  the  ice  foot,"  is  formed  along  the 
shore.  On  to  this  fringe  of  ice  debris  rolls  down  from  the 
land,  and  shingle  gets  frozen  into  its  imder  surface.  The 
coast  ice  is  lifted  and  at  last  detached  by  the  nse  and  fall 
of  the  tide,  and  portions  of  it  with  their  load  of  detritus 
float  away,  and  drop  what  they  carry  as  they  melt. 

CfaNmnd  loa. — ^Ice  known  as  ^*  ground  ice  "  or  *'  anchor 
ice "  forms  sometimes,  in  a  way  not  perfectly  imderstood, 
at  the  bottoms  of  lakes  and  rivers  while  the  rest  of  the 
water  remains  unfrozen.  Pebbles  and  other  loose  matters 
are  frozen  into  the  under  surface  of  this  sort  of  ice,  and 
by  it  and  floated  away  when  it  rises  to  the  surface. 

*  J.  Oeikie,  The  Great  Ice  Age,  chaps,  vi  and  viL 


4.— Aonoar  or  Wtto, 

Hw  dure  irliiah  vial  iKkMfaiiUindt  old . 

thoofl^  not  vtiiy  hunt  oariit  Bot  to  be  Mlfa^  ovadoaMl 
Ito  ^eott  an  bert  MMiVftoM  Mated  Hodn  m  jlm- 
nadM  vhioli  often  riw  ban.  A*  aarfut  o(  *  oonat^  tan- 
poeed  of  ooane  aaaikbao*.  93wn  •»  T«r  frMimar 
nndennit  or  wom  air^  MaVi  tiUnf  ft*  mf»  oT  aB« 
or  one-leggsd  tebla»— 

TlM  wort  of  aatant  liM  br  Uto^laML 

Bnddr  to  no*  Ai  taO^  Wi^ai  «riM> 

In  Hieae  ouw  we  find  tbe  mtoatSag  gmmd  ■bowa  irHfc' 
ooeiw  Band  ^rodnoed  by  tit»  daeaofoatioB  of  A*  lodc 


B5g.  B.— nmiiKCDT  TiaLm  or  GKimoKi. , 

Wow.  This  sand  tlie  wind  drives  a«aiiiBt  anything  that 
stands  up  above  the  surface  and  griucu  it  away,  bat  as  the 
wind  con  lift  the  sand  only  a  short  distance  from  the 
ground,  the  wearing  is  confined  to  the  lower  portion  of  the 
obstacles.  1%.  9  is  an  instanoe  of  one  of  these  undercut 
locte ;  in  this  case  probably  die  prooess  has  been  helped 
by  the  coping-stone  being  harder  uian  the  beds  below,  oat 
fdent^  of  cases  occur  where  pillars  of  rock  of  equal  hard- 
nees  thron^^iout  are  hollowed  out  undemeatlL  m  exactfy 
the  same  way.    Similar  forms  are  very  common  in  Granite. 

•  Wordnrarth. 
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Bodn  'wm&erei  in  this  way  are  frequenflj  mistaken  for 
'*  Dmidical  Bemains." 

In  deserts,  and  other  large  sandy  tracts,  the  drifting  of 
sand  by  the  winds  grinds  and  wears  rocks  that  stand  in  its 
way,  and  produces  veiy  remarkable  polished  surfaces  and 
scratches  upon  them,  not  unlike  those  due  to  the  action  of 
moving  ice. 

By  processes  like  these  no  inconsiderable  amoimt  of  rock 
is  worn  away. 

Denudation  of  this  sort  is  sometimes  called  ^olian. 

Wind  also  acts  as  a  transporting  agent ;  sand  and  dust, 
and  any  loose  matters  produced  by  the  weathering  of  rocks, 
are  swept  by  it  into  running  water  or  the  sea :  but  perhaps 
the  moet  important  work  u  does  in  this  way  is  by  trans- 
portanff  the  ught  ashes  thrown  up  by  volcanoes ;  these  are 
cairied  by  it  to  vast  distances ;  if  they  fall  on  the  land,  they 
are  ready  to  be  swept  further  on  by  rain  and  rivers ;  or 
they  may  fall  directly  into  the  sea :  in  either  case  they 
foixiiBh  materials  for  subaqueous  strata. 

Wind  also  aids  the  sea  and  other  large  bodies  of  water 
in  the  work  of  denudation  by  causing  waves  and  imusually 
higli  tides.  In  this  way  they  are  enabled  to  act  more 
energetically  in  the  destruction  of  their  coasts  and  banks, 
and  the  rush  back  of  the  pounded-up  water,  when  the 

SJe  abates,  sweeps  before  it  with  more  than  usual  force 
e  stuff  which  the  storm  has  brought  down. 

6. — Oboanio  Dentjdino  Agents. 

The  lielp  g^ven  by  plants  and  animals  towards  denuda- 
tion, thou^  not  very  important,  caUs  for  a  passing  notice. 

BuRowmg  animals,  such  as  rabbits  and  moles,  under- 
mine the  ground,  give  passage  to  rain,  and  so  weaken 
the  surface  and  render  it  an  easier  prey  to  other  denuding 
foiroes.  The  matter  they  throw  out  is  ready  to  be  carried 
away  by  rain :  in  this  respect  even  so  insignificant  a  crea- 
ture as  the  earthworm  has  been  thought  worthy  of  being 
noticed  by  g^logists.  Marine  boring-sheUs  and  land- 
onaals  bring  about  the  destruction  of  Limestone  to  a  small 
tot  appreciable  extent. 

Trees  destroy  rocks  mechanically  by  forcing  down  their 
^roots  into  crevices  and  so  splitting  off  portions  :  but  plants 
^o  their  most  important  denuding  work  indirectly;  by 
*deb  decay  they  furnish  Carbonic  Acid  to  water  and  thus 
ible  it  to  dissolve  Limestone.     Professor  Ansted  men- 
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tions  oaaes  of  hdm  dzQled  in  ihii  wi^  io  ginat  flmitlin 
and  sometimes  ligbt  thioadk  Uooks  ol  Lunestona^  Mub* 
hole  oontaiiimg  the  stem  oca  pint  iMth  Igr  soppljiiig 
Oarbonio  Add  to  water  had  beea  able  to  wodc  fhzoo^  the 
rock  as  effectually  as  a  boring-dzOL 

I 
Genbbal  Ymr  ov  Subabbxal  DsmubaxsoM, 

flfiftTi  tfi<m  ftTAtfift  twain  guTiaawWi  Aannillng  aywifl;^^  ^g^ 

the  ways  in  which  ihey  each  individnallj do  tbair  weak;  bi 
us  next  see  what  is  the  resnU  of  the  jorat  aotion  ^ 

The  first  step  in  the  prooeas  of  sabaSiial  dftnndatian  ia 
the  formation  at  soiL 

Foniiatio&  of  ML — Aotoal  bare  xodk  is  a  fhing  not 
often  seen  at  the  suifaoe ;  in  a  vast  majori:^  of  oasoa  what 

we  first  come  to  on  breaiking  up  11m  gnrand  IS  a  layer  of  aoJL 
This  is  almost  universally  the  case  in  flat  oonnraeSy  yery 
generally  so  in  hilly  ones,  and  it  is  only  in  mountainous 
tracts  that  we  find  any  widespread  exceptions  to  the  rule.* 
Now  it  is  in  most  cases  easy  to  see  that  this  coating  of 
soil  does  not  consist  of  matter  brought  from  a  distance 
and  spread  over  the  solid  rock  beneath,  but  that  it  is 
nothing  more  than  the  upper  portion  of  that  rock  itself, 
broken  up  and  converted  mto  sand,  day,  or  some  other 
incoherent  material.  Various  subaerial  denuding  agents 
have  worked  together  to  produce  this  result.  Kain  has 
softened  and  in  some  cases  decomposed  chendcally  the  con- 
stituent minerals  of  the  rock;  frost  has  shivered  it;  the 
heat  of  the  sun  and  other  atmospheric  agencies  have  dbied, 
cracked,  and  pulverised  parts  of  it :  the  roots  of  trees  and 
perhaps  burrowing  animals  have  had  some  share  in  break- 
ing it  up;  by  these,  and  such  like  forces,  anv  exposed 
surface  of  rock  is  incessantly  being  attacked  imtil  a  portion 
of  it  is  converted  into  loose  soiL  The  natural  planes  of 
division,  known  as  joints  and  cleavage,  by  which  rocks 
are  traversed,  aid  materially  in  this  work  of  destruction. 
They  allow  of  the  percolation  of  water  into  the  body  of 
the  rocks,  and  are  pmnes  of  weakness  along  whidb.  fracture 
is  readily  produced! 

On  exposed  mountainous  countries  the  light  matters 
thus  formed  aro  washed  away  by  rain,  or  roU  down  the 

*  This  statement  is  not  strictly  bonate  of  lime  is  dissolved  by  the 

true  of  limestone  countries,  which  rain-water  and  carried  away  in 

show  always  a  tendency  to  a  bare  solution, 
rooky  surface,  because  the  oar* 
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liiUaides  hj  their  own  weight  as  fast  as  they  arise,  and 
therefore  in  such  situations  the  rock  is  constantly  kept 
bare  in  spite  of  the  attempts  made  by  subaerial  denuding 
agents  to  buiy  it  in  its  own  debris  :  in  countries  less  hilly, 
and  with  a  smaller  rainfall,  the  process  of  removal  goes  oo 
to  a  smaller  extent ;  while  in  flat  countries,  where  the  fall 
of  the  ground  is  small,  and  the  carrying  power  of  water 
running  orer  it  is  little  or  nothing,  soil  forms  faster  than 
it  can  be  carried  away,  and  the  solid  rock  is  everywhere 
deeply  buried  in  its  own  ruins. 

Ijiese  accumulations  of  rain-borne  decomposed  rock  go 
by  the  fipeneral  term  of  "  Bain- wash ; "  they  may  be  distin- 
giiished  (1)  by  their  materials  being  strictly  local  in  their 
origin,  (2)  by  their  stones,  if  they  contain  any,  being  not 
water-worn,  but  angular,  or  at  most  showing  only  so  much 
rounding  as  might  be  produced  by  the  chemical  dissolu- 
tion of  their  angles  and  edges.  Deposits  of  rain-wash  of 
TariooB  kinds  occur  iu  the  south  of  England.* 

Deposits  of  this  class  are  also  very  largely  developed  in 
Spain,  in  the  flatter  parts  of  which  we  may  travel  for  hun- 
dreds of  miles  without  seeing  a  bit  of  rock  except  in  the 
deepest  railway  cuttiugs ;  so  that  from  a  general  point  of 
Tiew  the  country  may  be  said  to  present  only  two  physical 
features,  broad  phuns  of  rain-wash  and  mountainous 
Sierras.  The  causes  of  this  are  twofold :  the  large  and 
yicdent  rain-fall,  and  the  great  extremes  of  temperature 
which  often  prevail,  ^ve  rise  to  rock-disintegration  on  a 
large  scale,  and  the  plateau-like  form  of  the  ground  pre- 
rents  the  debris  so  formed  from  bein^  carried  away. 

Hie  surface  disintegration  of  rocks  is  nowhere  better 
shown  than  in  the  case  of  Granite  and  some  Traps.  In 
Granite,  this  is  due  mainly  to  the  atmospheric  decomposi- 
tion of  the  Felspar,  and  in  this  way  the  rock  is  often 
reduced  to  a  mass  of  loose  fragments,  which  can  be 
shovdled  out  with  a  spade  to  a  veiy  considerable  depth.t 
A  large  tract  of  counhy  round  Madrid,  which  is  coloured 
on  some  geological  maps  as  Diluvium,  is  covered  by 
deoompoB^  Granite,  in  which  it  is  easy  to  pick  out  bits  of 
the  rock  only  partially  disinteg^ted.  In  the  same  way 
some  diorites  weather  down  to  loose  earth,  in  which  are 
embedded  concretionary  nodules  that    have    been   hard 

*  See  Goodwin  Austen,  Quart.  f  See  De  la  Beche,  Geological 

Jovn.  of  the  GkoL  Soc.,  ri.  94,      Obaenrer,  pp.  3,  4. 
▼u.    131;    Foster   and   Topley, 
446. 


enonsh  to  lecut  dBeaoipnritiaB  i  nd  «UiAd*lMM 
ezuit^  thfi  look  of  tiu  wmmuklign  of  Maa  Ml  bMAiM  - 
toimed  by  b  monnttm   Imwu^  ttst  It  ai^kl  vril  W 
mirtaVmi  for  a  muB  at  wli  inan  mrtariah. 

Bwwral  of  Sril  fi«m  Mghn  to  Inm  X»rtiir>-W« 
must  now  advanoe  a  step  fmUier ;  anlj  ft  poitiaB  «f  &• 
diamtegrated  rook  ranaiw  to  faam  nfl :  m  Mm*  mm*  «• 
hare  seea  it  u  swept  awaj  «  flwt  H  it  teiM.  Hri, 
even  when  tha  rate  of  ftwMatiM  k  niorti*  thas  tai*  af 
Tomoral,  aomo  pari  of  tho  looM  natter  u  iiiiialiiinj  iiiiniiig 
onwards.  fti"TTTr  irr  lutirr  thir  pTrlmfi  nf  mrfari  imatlinr 
ing  find  tkeor  way  into  a  brook,  tad  M«  nnpt  hxwuA  Wr 
it,  fiither  in  soBpemion  or  br  raQiiis  alDBsr  tna  1xittiM>  tffl 
tiie  brook  joina  a  larger  abMa,  akiig  iriuoli  tti^tnniW 
the  Btraam  £dls  into  a  rim,  Bad  along  tUa  1b^  ooBtSmtB 
their  ooime  till  the  liTei  i>  k«t  in  the  Ma. 

At  the  BBme  time  these  transported  materials  enaUe  Uie 
water  of  the  streama,  which  by  themselves  hare  little  or 
no  abrading;  power,  to  wear  and  grind  the  banks  between 
which  the^  flow,  and  thus  to  add  to  the  amount  already 
being  earned  downwards  by  them. 

The  sum  total  of  transported  matter  is  also  swolleoi  by 
salta  and  other  substances  dissolved  by  rain  in  its  oonrae 
over  the  ground,  brought  up  from  below  in  solution  by 
springs,  or  taken  up  by  the  waters  of  the  river  itself  in  its 
passage  over  soluble  rocks.  The  amount  of  these  cfaemlcalfy 
dissolved  substances  is  far  from  inconsiderable :  thus  Fio- 
fessor  Bamgay  tells  us  that  the  Thames  carries  every  year 
into  the  sea  33,497  tons  of  matter  (chiedy  Carbonate  of 
lame)  in  solution  ;  and  this,  if  precipitated  and  oompreeaed 
into  Limestone,  would  form  a  oed  a  yard  thick  and  more 
than  seven  acres  in  extent. 

The  above  are  the  principal  eteps  in  the  process  by 
which  water  in  its  liquid  state  transports  the  products  «t 
subaerial  denudation  continually  from  higher  to  lower 
levels.  The  share  which  it  contributes  to  the  work,  in  its 
solid  shape  as  ice,  falls  next  to  be  considered.  We  have 
seen  that  the  streams  which  issue  from  beneath  the  snoats 
of  glaciers  are  largely  charged  with  sediment  already 
ground  so  fine  that  it  is  at  once  carried  forwards.  The 
ooarser  matters  shot  over  to  form  the  tenninal  moraine  are 
attacked  by  various  subaerial  denuding  agents,  in  the  end 
ground  fine  enough  to  be  moved,  and  then  are  carried 

Where  glaciers  or  masses  of  continental  ice  come  down 
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to  the  sea  level,  the  streams  beneath  them  discharge  directly 
into  the  sea  large  quantities  of  finely  comminuted  mud ; 
and  the  icebergs  which  break  off  firam  them  carry  away 
coarse  materials  and  large  unrounded  blocks  of  rocks,  and 
deposit  them  far  away  from  the  spots  from  which  they  were 
derired. 

In  a  word,  the  surface  of  the  ground  is  constantly  acted 
on  by  a  number  of  agencies,  wmch  all  work  together  to 
wear  and  break  it  up :  the  loose  matters  so  produced  are 
earried  downwards,  and  at  the  same  time  added  to,  by 
moving  water  either  in  a  liquid  or  a  solid  state,  tiU  they  at 
last  oome  to  rest  at  the  bottom  of  large  bodies  of  still 
water.  This  chain  of  events,  all  intimately  connected  with 
one  another,  constitutes  the  process  of  subaerial  denuda- 
tion. 

6. — Mabine  Denudation. 

The  sea  to  a  very  large  extent  only  finishes  work  begun 
for  it  by  subaerial  denuding  agents. 

The  coarser  stuff  brought  into  it  by  rivers  is  tossed  to 
and  fro  by  the  tides,  till  it  is  ground  fine  enough  to  allow 
of  its  being  swept  away  altogether.  In  the  case  of  a  coast 
botmded  by  diffs,  the  expansion  of  frozen  water,  the  im- 
dennining  caused  by  the  outbreak  of  springs,  or  the 
nnequal  yielding  to  the  weather  of  beds  of  different  hard- 
ness, and  other  similar  causes,  break  off  and  throw  down 
large  masses,  an^  the  sea  completes  the  work  by  grinding 
these  into  mud,  shingle,  or  sand,  and  then  by  the  aid  of 
tides  and  currents  sweeping  them  away. 

But  the  sea  may  also  claim  a  certain  amount  of  the 
denuding  work  which  it  effects  as  entirely  its  own.  In  the 
saoneway  as  the  sediment  carried  by  running  waters  enables 
them  to  grind  away  their  banks,  the  sea  uses  the  boulders 
and  shiofi^e  of  the  beach  as  instruments  for  the  destruction 
oi  its  ehffy  shores.  Waves,  rolling  in  from  open  ocean 
spaces  and  driven  forward  by  gales  of  wind,  have  force 
enough  to  lift  and  hurl  against  anything  that  comes  in 
their  way  enormous  masses.  By  this  means  the  loose 
UockSy  that  fringe  in  heaps  rocky  shores,  are  dashed  with 
feazfdl  violence  against  tiie  cliffs,  and  by  this  incessant 
ponading  and  havering  fresh  portions  are  from  time  to 
time  brought  down,  to  be  used  in  their  turn  as  instnmients 
for  finrther  destruction. 

Thus  the  fact  that  the  coast  rocks  are  hard  so  far  from 
pzotecting  them  from  the  encroachments  of  the  sea,  makes 
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tlmn  in  aome  measure  a  more  certain  prej  to  its  wearing 
aotion,  for  tlio  faordor  the  rock  is,  the  more  destrucdre  will 
be  tho  ammunition  furnished  by  its  ruins.  Where  the 
coast  is  composed  of  soft  rocks,  it  is  eaten  into  all  the 
more  easily ;  its  destruction  is  incessant,  and  the  advance 
of  the  sea  becomes  rapid  enough  to  be  obvious  even  to  the 
most  casual  observer. 

It  must  be  noted  tliat  the  destructive  action  of  the  sea 
is  confined  almost  entirely  to  tbe  belt  between  high  and 
low  water  mark.  Within  that  space  the  rise  and  fall  of 
the  tides  and  the  force  of  the  breakers  ^ind  down  any 
loose  matter  exposed  to  their  action.  These  agencies 
however  coase  to  have  any  effect  on  a  bottom  covered  by 
a  moderate  depth  of  water,  and  hence  rfry  nmrlij  all  the  de- 
nuding Kork  of  the  tea  is  Coatt  Denudation.  The  drifting  of 
mgh  sediment  over  the  bottom  by  under-currents  may 
roduce  some   abrasion,    but   its   amount  cannot  be  veiy 


Q«"* 


BelatiT*  Importaao*  of  SnlmarUl  Knd  M»rla» 
Dntndatloii. — ^We  may  here  note  that  marine  denuding 
agents,  such  for  instance  as  the  beating  of  the  waves  on 
an  ezpoeed  rocky  coast,  are  far  more  etnkdng  and  appeal 
far  more  forcibly  to  the  imagination  than  tiie  slow  and 
almost  insensible  action  of  aubaerial  denuding  foioee. 
The  latter,  partly  because  they  are  so  common,  partly 
because  theif  action  is  so  gentle,  and  partiy  because  they 

rrate  bo  slowly  that  their  results  are  inappreciable  unless 
^  are  veiy  carefully  measured  or  observed  over  a  loi^ 
penod  of  time,  are  apt  to  be  overlooked,  and  indeed  yr&n 
tor  a  long  time,  if  not  actually  overlooked,  yet  denied  their 
true  importance  by  geologists.  It  is  now  however  veiy 
generally  recognised  that  they  perform  by  far  the  larger 
part  of  the  denudation  that  is  going  on  before  oar  eyes, 
and  thcrf  have  at  last  had  their  true  place  granted  them  in 
the  roll  of  denuding  forces,  a  place  to  which  Hutton  long 
ago  pointed  out  that  they  were  entitled. 

It  aeems  almost  past  belief  that  the  importance  of  aob- 
aerial  denudation  should  have  been  so  long  overlooked, 
and  that  truths  so  simple  and  apparently  ao  self-evident  as 
those,  of  which  we  have  just  given  an  abstract,  should  not 
have  forced  themselvefl  on  the  notice  of  geologists  from  the 

*  For  Marina  Denndation,  lee  T^e  ScenerT  of  Scotland  viewtd 

Ljell't  PriDcifJea,  voL  i.  chap*.  in  connaction  with  its  Physical 

SI.  and  xii. ;  De  la  Beobe's  Geo-  Oaolo^,  cjiap.  iii. 
logical  Obserrsr,  lec.  v. ;  Qeikie, 
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▼ery  first  birth*  of  the  science.  The  explanation  however 
is  easy  enough,  and  furnishes  so  useful  a  lesson  to  the 
would-be  cultiyator,  not  only  of  geology,  but  of  any 
other  sdenoe,  that  it  is  worth  calling  attention  to  it.  Men 
&dled  to  see  these  obyious  truths  simply  because  they  did 
not  look  for  them;  because,  instead  of  going  forth  and 
jnsLTk\ng  Nature,  they  amused  themselves  with  weaving 
ingenious  conceits  in  arm-chairs  at  home.  Hutton  was 
the  first  clearly  to  enunciate  the  laws  of  denudation,  which 
he  had  learned  by  observation ;  the  summary  of  one  of  his 
chapters  is  worth  quoting:  ''Whether  we  examine  the 
mn^ntftifi  or  the  plam ;  whether  we  consider  the  defi;rada- 
tion  of  rocks  or  of  the  softer  strata  of  the  earth ;  whether 
we  contemplate  Nature  and  the  operation  of  time  upon  the 
shores  of  the  sea  or  in  the  middle  of  the  continent,  in 
fertile  countries  or  in  barren  deserts,  we  shall  find  the 
evidence  of  a  eeneral  dissolution  on  the  surface  of  the 
earth,  and  of  decay  among  the  hard  and  solid  bodies  of 
the  ^be.'^  Playfair  puts  it  more  tersely  thus:  ''The 
consequence  of  so  many  minute,  but  indefatigable  agents, 
all  working  together,  and  having  gravity  in  their  favour,  is 
a  system  of  universal  decay  and  degradation,  which  may 
be  traced  over  the  whole  surface  of  the  land,  from  the 
mountain-top  to  the  sea-shore." 

Another  useful  lesson  may  be  learned  irom  this  bit  of 
the  histoxy  of  Geology.  It  is  now  nearly  eighty  years 
flinoe  the  Theory  of  the  Earth  was  published,  and  it  is 
only  quite  lately  that  geologists  have  come  to  recognise  the 
tmm  of  its  teaching.  So  slow  are  men,  even  when  the 
li^^  road  is  pointed  out  to  them,  to  leave  a  groove  which 
they  have  been  for  a  long  time  following.* 


*  Id  eonnection  with  the  mb- 
jeci  of  Dgnadation,  the  student 
win  do  well  to  read.  Theory  of 
Ibe  Euihy  Paii  I.  chap.  i.  sec 
IT.,  Fnt  IL  chape,  iii.  to  tIL; 
Plajfiur't  lUiiatrations,  sec  iii. ; 
Soope's  Tolcanoee  of  Central 
Vmoetf  iod  ed.,  chap.  ix. ;  Bam- 


say,  The  FhTsical  Geomphy 
and  Geology  of  England  and 
Wales ;  A.  Geikie,  The  Sceneir 
and   G^logy   of    Scotland;    A 

Strong,  Tiber  den  Kreislanf  der 
Stoffe  in  der  Nator,  Leonluud 
and  Geinitz  Jahrbuch,  1873, 
p.  33. 
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WSAT  BtCOMES  OF  TBE  WASTE  PRODUCED  AXJi 
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SECnON  I.— MATTER  HECHASICALLY  CARHIES. 

HAVING  now  passed  in  review  the  Tarious  sgetuiM 
vltich  at  all  times  and  in  all  places  are  at  vork 
breaking  np  the  surface  of  the  earth,  and  having  con- 
vinced ourBelvee  that  the  larger  part  of  the  wasta  irkich 
results  ^m  their  action  finds  its  waj  sooner  or  later  into 
running  waters,  and  is  carried  on  by  them  in  their  dawn- 
ward  course,  our  next  task  is  to  inquire  what  happens  to 
the  matters  thus  swept  away  when  die  streams  which  bear 
them  along  are  lost  in  bodies  of  still  water,  such  as  the  sea 
or  a  large  lake ;  and  we  will  begin  with  die  mechanically 
transported  matteis,  those  namely  which  are  carried  in 
suspension,  and  those  which  are  swept  along  the  bottom. 

When  the  velocity  of  the  stream  is  by  degrees  chocked, 
and  at  last  destroyed  altogether,  it  can  no  longer  be&r 
ah>ng  its  burden,  the  stuff  that  lus  been  rolled  uong  the 
bottom  comes  to  rest,  and  the  sediment  held  in  Buspensian 
sinks  down. 

But  the  suapendedmatters  will  not  fall  all  together:  there 
will  generally  be  some  of  them  heavier  than  others, 
some  coarse  and  others  more  finely  dividenl.  Ixing  after 
the  current  has  ceased  to  be  able  to  hold  up  the  heavy  and 
coarse  part,  it  may  retain  velocity  enough  to  carry  forward 
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the  light  and  more  finely  divided,  and  the  latter  will  travel 
much  farther  than  the  former  from  the  mouth  of  the  river 
before  they  reach  the  bottom. 

ArraagMaent  ofMeduuiical  Deposits  according  to 
8iac  and  Weight. — ^In  any  large  body  of  water,  then,  fed 
by  running  streams,  we  should  find  deposits  on  ike  bottom 
arranged  somewhat  in  the  following  oixier. 

Fringing  the  coast,  and  especially  facing  the  mouths  of 
the  rivers,  there  will  be  a  belt  of  banks  of  coarse  pebbly 
materials.  In  the  case  of  lakes  or  tideless  seas  these  may 
stretch  out  'for  a  considerable  distance,  for  when  the  water 
has  been  sliall^wed  for  some  way  out  by  the  formation  of 
a  bank  of  shingle,  pebbles  may  be  rolled  on  in  the  shallow 
water  on  the  top  of  the  bank  and  shot  over  the  end,  and 
the  front  in  this  way  be  continually  pushed  forward.  Along 
the  shore  of  the  open  ocean  no  broad  accumulation  of 
fihingle  can  take  place,  for  the  pebbles  are  always  being 
g^und  fine,  and  swept  out  to  sea  by  the  rise  and  fall  of 
the  tides  and  the  beatmg  of  the  breakers. 

When  these  shingle-banks  can  be  formed,  they  will 
evidently  be  thickest  on  the  shore  side,  and  thin  away  in  a 
wedge-shaped  form  as  we  advance  into  deeper  water. 

B^ond  the  shingle-banks,  and  resting  on  th^Dir  thin 
edges,  there  will  be  other  banks  of  a  similar  shape,  but 
fonned  of  materials  a  little  less  coarse :  and  because  the 
oamponodts  of  these  can  be  borne  rather  further  than  the 
ooanest  shingle  before  they  come  to  rest,  these  banks  will 
not  thin  away  quite  so  rapidly,  and  will  form  wedges  with 
anfi^  more  acute  than  those  of  the  banks  next  the  shore. 

In  this  way  as  we  leave  the  shore  we  shall  find  the 
depoeite  becdmng  less  and  less  coarse,  and  arranged  in 
wedges  getting  more  and  more  acute,  till  at  last  their 
upper  and  under  surfaces  become  approximately  parallel, 
ana  th^  take  the  shape  of  beds  or  strata. 

The  ughtest  and  most  finely  divided  matters  will  sink 
reiy  slowly  through  the  water  and  travel  far  before  they 
reach  the  bottom,  and  will  come  to  rest  in  layers  or 
lamJTMW,  which  keep  nearly  the  same  thickness  over  larg^ 


Jbevaagemaiit  of  Xechaaical  Deposits  according 
to  IDaeral  Composition. — ^Besides  these  differences  in 
anangement  there  will  also  be  a  difference  in  the  mineral 
eompoeition  of  the  deposits  fringing  the  shore  and  those 
lemote  ttotn.  it. 

The  sediment  carried  down  mechanically  by  running 
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wat«r  conBists  mainly  of  two  kinds,  sandy  or  Biliceoiifl, 
■md  clayey  or  argillaceoue.  Now  quftrtz,  of  wliieli  sand  ifl 
composed,  is  Tery  hard,  and  will  Btand  a  great  deal  of 
veor  and  tear  before  it  gets  ground  fine ;  hence  the  ooaraer 
deposits  will  bo  mainly  eandy.  Clay,  on  the  other  hand, 
is  soft,  and  easUy  worn  down  into  the  finest  impalpable 
mud ;  hence  the  finer  dcpOEits  will  bo  mtunly  clayey. 

Therefore  we  shall  find,  as  a  rule,  that  near  the  shore 
wtdge-thaped  banh  of  coarif,  tandy  mntorials  prevail,  while 
furUier  out  regularly  beddtd  laj/ert  of  Jine  clay  cover  the 
bottom. 

This  order  wUl  not  be  without  intorruption.  because 
during  floods  the  eoarser  materials  will  be  carried  further 
out  than  usual,  and  so  wedgoa  of  sand  will  come  to  be 
interleaved  among  the  evenly  bedded  clays ;  and  in  the 
same  way,  when  the  rivers  are  low,  clayey  deposits  will 
be  formfcd  in  the  sandy  region :  still  upon  the  whole  the 
general  arrangemeikt  of  the  deposits  will  be  sucli  ss  has 
been  described. 

Finally,  if  the  ocean  be  large  enough,  there  will  l)e  a 
limit,  beyond  which  no  river-bome  sediment  will  be  carried, 
and  no  mechanical  deposit  formed  on  the  sea  bed.  These 
regions  however,  as  we  shall  see  further  on,  will  not  be 
without  deposlta,  for  in  them  marine  animals  build  up 
great  masses  of  pure  Limestone. 

0«n«ral  Arnwgamant  of  Msohuiieal  2>apo>ita.— 
In  Fig.  1 0  an  attempt  is  made  to  show  diagrammatically  the 
arrangement  of  mechanically  formed  deposits.  The  dark 
part  IS  the  solid  rock  forming  the  land  and  the  sea  bed  ; 
the  straight  line  the  sea  level.  Looking  at  the  lower  and 
therefore  first-formed  aooumulations  of  sediment,  we  see 
filoae  to  the  shore  a  bank  of  large  pebbles  with  a  steep 
face  seawards :  beyond  this  there  follow  other  banks,  the 
first  of  pebbles  not  so  large  as  on  the  bank  nearest  the  ' 
shore,  the  next  of  coarse  sand,  the  next  of  finer  sand,  and 
so  en  :  and  the  seaward  faces  of  all  these  banks  get  lees 
steep  as  we  leave  the  shore.  Beyond  the  finer  mud 
stretches  out  in  thin  layers,  becoming  more  and  more 
nearly  horizontal  as  we  get  out  to  sea.  After  these  beds 
had  been  laid  down,  the  streams  eeased  for  a  while  to 
have  the  power  to  carry  ooarse  sediment,  and  could  not 
bear  even  fine  mud  as  far  as  before:  consequently  the 
latter  sank  down  nearer  the  shore,  filling  up  Uie  hollows 
between  the  banks,  and  levelling  over  their  uneven  surface. 
Subsequently  coarse  matters  were  again  brought  into  the 
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viter,  aad  a  ttnge  of  banks  BituQar  to  those  in  tlie  lover 
part  of  the  section  vere  piled  np 
on  the  top  of  the  layers  of  mud^ 
vhile  finer  deposits  again  began 
to  accumulate  in  the  remoter  parts 
of  the  ocean.  In  the  diagram  the 
^  transitions  are,  for  the  sake  of  dig- 
u  tiactness,  made  abrupt ;  but  in 
I  Nature  the  passage  from  shingle 
^  J  to  sand,  and  from  sand  to  mud, 
?  jf  would  be  much  more  gradual, 
?  M  and,  as  the  material  grew  finer, 
t  i  almost  insensible. 
°  ^  In  the  crust  of  the  earth  we 
a  meet  with  rocks  which,  except  that 
K  they  are  harder  and  bound  more 
°  firmly  together,  bear  the  closest 
I  .J  resemblance  to  the  accumulations 
I  J  that  have  just  been  described. 
p  1  Conglomerates  are  composed  of 
n  ^  exactly  the  same  materi^s  as  the 
3  %  shingle  of  the  beach  and  httoral 
5  I  zone;  Sandatooes  of  all  degrees 
S  ^  of  coarseness  find  a  paraUel  in 
jl  .3  submarine  sandbanks  )  there  are 
b  £  sandy  shales,  which  are  mixtures 
^  'S  of  fine  sand  and  mud ;  and  the 
S  J  finely  laminated  argillaceous  shale 
p  A  corresponds  exactly  to  the  evenly 
■  1  bedded  deposits  of  small  silt  and 
S  *  mud.  And  among  these  rocks  we 
9  -^  find  also  just  the  same  arrange- 
y  ment  as  has  been  described  in 
"  the  last  few  pages.  In  the  great 
■p  .  masses  of  pebbly  Sandstone,  as 
f  in  shingle-banks,  the  pebbles  are 
J  found  to  grow  smaller  and  smaller 
^  as  we  trace  the  rock  in  a  certain 
i  direction,  and  at  last  disappear 
altogether,  so  that  the  bed  passes 
insensibly  into  a  rough  gritstone, 
this  again  still  further  on  merges 
into  a  finer  Sandstone,  and  per- 
haps at  last  is  found  to  tail  out 
>llDg«ther  in  a  wedge-shaped  form,  and  to  be  replaced 
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by  deposits  of  more  reguliirly  bedded  liardened  sandy  mud. 
ajid  tbeso  in  turn  shade  oS  into  more  purely  clayey  mud.* 
W«  also  find  alternalioas  of  sandy  and  clayey  rocks, 
corresponding  to  the  oltemationB  of  banks  of  Band  with 
depo6ilB  of  mud,  wliieh  are  now  being  produced  by  vKiia- 
tioOB  in  the  transporting  power  of  currents. 

Some  eubstnncee  remain  soBpended  in  irater  not  so  mueb 
on  aooount  of  their  low  Bi>ecific  gravity  as  ia  virtue  of  theb 
form.  One  of  the  oommoneet  of  these  is  Mica.  The  tbJn 
laminm,  into  which  this  mineral  splits,  present  a  broad 
surface  to  the  water  and  civo  lieo  to  an  amount  of  resist- 
ance to  sinking  very  large  m  comparison  with  their  weight; 
hence  they  settle  down  very  slowly  and  regularly.  In  this 
way  the  surfacee  of  the  beds  of  regularly  stratified  depoaita 
are  thickly  fiecked  aver  with  little  spanglea  of  this  loineral. 
Sandstones  and  shales  of  this  character  are  very  common, 
nnd  an>  called  Jlfitiaeeoiu  SaiidttaiiM  and  S/ialf*.  That  Mica 
does  behave  in  the  way  dworibed  is  foo&d  out  in  the 
washing  of  China  Clay;  owing  to  the  way  in  whioh  tlie 
water  holds  u^  its  thin  plates,  it  is  the  mott  difficult  im- 
purity to  get  nd  of. 

We  will  now  examine  a  little  more  in  detul  the  nature 
and  characteri  sties  of  deposits  formed  near  the  shore. 

Soriaontal  Growth  of  Coane  Jtopoaita. — In  a  sea, 
which  deepen^  rapidly,  coarse  deposits  will  be  confined  to  a 
belt  fringing  the  coast :  but  in  a  large  area  of  shallow 
water  they  may  extend  over  a  much  wider  space :  for,  as 
soon  as  a  belt  of  banks  such  as  we  have  described  has 
formed  along  the  shore,  the  water  above  ie  rendered 
shallow  enough  to  allow  of  coarse  materials  being  rolled 
over  their  tops,  and  shot  over  their  seaward  faces  ;  and  in 
this  way  the  front  of  the  bonk  will  be  always  moving  from 
the  shore,  and  the  deposit  extended  as  for  as  the  water 
continues  sufficiently  shallow. 

Vertical  Growth  of  Coan*  Baposits. — But  we  have 
yet  to  account  for  the  existence  of  deposits,  evidently 
formed  in  shallow  water,  and  vet  of  R^at  thickness.  For 
instance  in  die  Coalfield  of  South  Wales  rocks  certainly 
subaqueous,  but  none  of  which  con  have  been  d^msited  in 
deep  water,  are  piled  one  on  the  other  to  a  tluckness  of 
ton  thousand  feet. 

We  shall  see  by-and-by  that  the  surface  of  the  fi^be 
is  never  at  rest,  that  portions  are  rising  and  others  sinking, 

■  For  an  iiutanoe,  tee  Qiurt  J^oim.  0«ol.  Sac,  zx.  265—287. 
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and  that  these  changes  of  level  have  been  going  on  through- 
out  all  past  time.  Now  suppose  the  bed  of  a  shallow  sea  to 
be  sinking,  say  at  the  rate  of  a  foot  in  a  century,  and  also 
that  in  the  same  time  one  foot  of  sediment  is  laid  down  all 
over  the  bottom ;  then,  since  the  accumulation  of  sediment 
fills  up  the  water  at  exactly  the  same  rate  as  the  Binlring 
would  deepen  it  if  no  deposition  were  going  on,  it  is  dear 
that  the  depth  will  always  remain  the  same,  and  that  the 
conditions  necessary  for  the  accumulation  of  shallow- water 
deposits  will  always  be  preserved ;  and  with  such  an  adjust- 
ment any  thickness  whatever  of  such  deposits  may  be 
obtained. 

Wherever  then  we  find  a  great  thickness  of  beds,  which 
must  have  been  formed  in  shallow  water,  we  know  at 
once  that  during  their  deposition  the  sea  bed  must  have 
been  winking  at  about  the  same  rate  as  they  were  accu- 
mulating. 


Fig.  11.    Formation  of  CuiutKi<T  Bedding. 

nrift  or  Current  Bedding. — ^We  may  now  look  a 
little  more  closely  at  the  way  in  which  the  materials  of  the 
banks  of  coarse  sediment  are  arranged.  In  Fig.  11,  ^^  is 
the  surface  of  the  water,  and  CD  tibe  front  of  one  of  these 
banks  in  course  of  formation.  From  A  to  C  the  water  is 
shallow  enough  to  allow  the  current  to  retain  velocity  suf- 
ficient to  roll  sand  or  pebbles  along  the  bottom,  but  in  the 
deep  water  beyond  C  this  velocity  becomes  suddenly 
diecked  and  their  further  progress  arrested.  The  coarse 
matters  are  therefore  shot  over  the  edge  of  the  bank,  and 
anange  themselves  in  a  little  sloping  layer,  CDEF:  by 
this  means  the  extent  of  shallow  water  will  be  a  little 
increchsed,   and  another  sloping  layer  added  above  CD. 


124  OEOLOQT. 

And  BO  the  process  goes  on,  till  in  the  end  a  bank  ia  formed 
made  up  of  thin  ttopimj  layer*  ail  dipping  in  tA»  dirtction  m 
vAicA  the  current  ii  vuming. 

If  a  ciiirent  with  a  different  directioa  pass  over  the  same 
spot,  another  bank  Till  be  piled  up,  composed  like  the  first 
of  thin  sloping  Infers,  but  with  its  layers  dipping  tovrards 
a  difFerent  quarter. 

By  a  repetition  of  this  process  we  shall  obtain  a  deposit 
made  up  of  wedge-shap<>d  bedB,  eaeh  of  which  is  traversed 


Fig.  12. — QvuBi  n  Cdumht-bbddbu  Book. 


by  nnalleT  planes  of  division  crosMug  the  main  lines  (d 
bedding  obbquelj. 

Such  a  stmoture  is  called  False-bedding,  Cross-bedding, 
Current-bedding,  or  Drift-bedding ;  an  example  of  it  is 
given  in  Fig.  12.  Bock  posaessing  this  structore  is  some- 
tunes  called  "Eddy Bock     by  quanymen  and  well-sinkeTS. 


Kg.  18  («). 
Bipplt-drift. — Let  us  next  considei  what  will  happen 
on  a  sea-bottom  on  which  a  current  is  forming  ripple-marks. 
The  shape  of  the  bottom  is  such  as  is  shown  in  Fie.  13d, 
the  arrow  being  the  direction  of  the  current,  and  each 
ripple  having  a  long  gentle  slope  on  the  side  from  which 
the  current  comes,  and  a  steeper  slope  on  the  opposite  side. 
If  no  sediment  is  being  brought  into  the  water,  the  current 
will  roll  sand  up  each  gentle  slope,  and  the  latter  will  fall 
down  over  the  steep  dopes,  and  Uie  only  thing  that  -will 
happen  wiU  be  a  general  movement  of  die  ripples  in  the 
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direction  of  the  arrow.  But  if  aand  be  sinLmg  through 
the  vater,  it  will,  as  it  falls  on  the  eentle  slopes,  be  rd^ 
up  them  and  over  their  edge,  and  fall  down  in  a  layer 
over  each  of  the  »teep  fronts,  A  B,  CD,  £F,  aa  in  Fig.  1 3b. 
In  this  way  the  steep  fronts  will  always  be  added  to,  till  at 
last  the  old  surface,  A  B  CDEFO,  will  be  effaced  by  the 
fining  in  of  the  hollows  ABC,  CDE,  EFQ,  and  a  new 


Pig.  13  {i). 

implied  marked  surface,  aAhCcEd,  formed  above  it, 
Vig.  130.  By  continuhig  this  we  shall  at  last  arrive  at  a 
rock  like  that  shown  in  Fig.  ISd.  This  structure  is  colled 
"  Eipplejrift."  *  Both  Ciurent-beddine  and  Eipple-drift 
an  oommon  in  rocks  which  have  been  formed  in  shallow 


water ;  indeed  it  is  scarcely  possible  to  find  a  sandstone 
whidi  does  not  show  one  or  the  other  to  a  greater  or  lees 


v.>i^^»'-'^ 


Cottt«mp(HnuieoTu  Erosion. — Another  cause  of  great 
irregularity  in  the  bedding  of  shallow  water  deposits  is 
the  eroeion  of  part  of  one  bed  by  a  current  before  the  bed 
next  above  wa«  laid  down.  A  good  case  is  shown  in  Fig.  14. 
Here  the  evenly  bedded  mud  in  the  lower  part  of  tlie  sec- 
tion was  once  continuous  throughout:  but  a  hollow  has 
been  out  out  in  it  by  a  current  or  river,  and  then  eand 
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rolled  iu  aad  the  hulluw  filled  np  with  it ;  mud  and  ssnd 
are  now  both  compacted  into  hard  Shale  and  Sandstone. 
(^HBS  of  ihia  sort  are  of  very  common  oocnrrenco  in  beda  of 
Con],  when  they  are  known  a«  "  Rock  Fanlte  "  or  "HoraeB," 
What  is  now  Coal  waa  originally  a  sort  of  ppat-bog :  by  some 
change  in  physical  geography  a  river  has  been  turned 
ncroea  tho  bog  and  cut  out  in  it  a  channel,  and  this  ban 
afterwards  bi-cn  fiUed  in  by  drifW'd  sand  now  liordenwl 
info  Sandstono.* 

Bipple-markv,  Bain-drop*,  Biin-oi«cka,  and  Animal 
Traclu. — Wo  may  here  notice  one  or  two  appearances 
which  piL'sent  themselvea  alike  in  the  deposits  now  form- 
ing OS  the  shores  of  eeaa  or  lakes,  and  in  roots  which 
were  laid  down  long  ago  under  similar  circumatances.  If 
we  walk  over  a  sandy  beach  laid  dry  by  the  fall  of  the 
tide,  wo  often  find  tixe  surface  of  the  sand  marked  with 
a  rippled  pattern,  likp  that  produced  on  water  ruffled  with 


— OoHTIlirQIUl'IOIll  EunuoM. 
■  Sbalr  which  hiu  b«n  P*'^  ^^  rmmj. 

a  gentle  wind.  This  ia  known  as  "Hippie"  or  "  Ourrent- 
mark,"  and  is  due  to  a  vavelike  motion  set  up  in  the 
eemi-fluid  wet  sand  of  the  sea-bottom  by  currents  passing 
over  it.  A  shower  of  rain  also  pits  over  Uie  sand  with  little 
hollows ;  and,  when  the  wet  ground  is  dried  by  the  sun, 
it  cracks  and  opens  into  small  fissures ;  also  the  beach  ia 
often  thickly  stamped  over  with  burrows  and  ooil-shaped 
ejections  of  worms  and  the  tracks  of  crustaceanB  and  ouira 
marine  animals.  Birds  and  animals  frequenting  the  mar- 
gin of  water  also  leave  their  footprints  on  the  soft  beach. 
Similar  markings  are  formed  on  the  muddy  bott^nna  of 
lakes,  when  the  water  has  sunk  below  its  nsual  level 
tlirotigh  Icmg  drought. 

Bipple-marka  and  some  of  the  ""iTnal  tracks  cbh.  be 

*  See  tlie(}eoIoav  of  theBonth  vi.  21S;  and  for  erotion,  eonton- 
Btafforddiin  CMmeld  (Hemoin  porui«oni  with  the  formatioti  of  s 
of  the  G«alogical  SnrrByj,  pp.  45,      nt  of  bedi,  on  a   Urger  aoaJe^ 
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formed  under  water,  as  well  as  on  spots  alternately  dry  and 
overflowed :  they  will  generally  however  indicate  water  of 
no  great  depth,  because  the  currents,  which  cause  the 
former,  are  commoner  and  more  powerful  in  shallow  than 
in  deep  water.* 

Bain-drops  and  sun-cracks  however  can  arise  only  on 
surfaces  dry,  but  still  soft  from  recent  submergence. 
They  may  occur  between  tidal  limits ;  but,  when  we  find 
them  extending  over  an  area  too  broad  to  aUow  this  to 
be  the  case,  they  must  have  been  formed  in  inland  bodies 
of  water,  which  were  periodically  laid  diy  and  afterwards 
refilled. 

When  these  markings  have  been  produced,  the  return  of 
the  water  often  spreads  over  them  a  layer  of  sand  or  mud, 
which  seals  them  up  and  preserves  them. 

All  these  markings  are  common  enough  on  the  surfaces 
of  beds  of  Sandstones  and  other  rocks  of  shallow  water 
formation :  and  on  the  imder  surface  of  the  overl3dng  bed 
a  cast  appears  in  relief  of  the  patterns  on  the  bed  below. 

flhunmary  of  Cliaracteristicfl  of  Shallow  Water 
Deposits. — ^The  deposits  then  formed  near  the  shore  or  in 
shidlow  water  will  be  usually  coarse  and  frequently  sandy : 
they  will  be  very  changeable  in  grain  and  composition,  and 
liable  to  thin  away  rapidly  in  wedge-shaped  forms :  they 
will  be  current-  and  ripple-drifted,  and  show  signs  of 
erosion  and  subsequent  filling  up  of  the  hollows  so  pro- 
duced: and  their  surfeices  will  be  ripple-marked,  sun- 
cracked,  pitted  with  rain-drops,  and  traversed  by  the  tracks 
of  aquatic  animals,  and  the  footprints  of  wading  birds 
and  ooast-haunting  creatures. 

Oeaeral  Charaoter  of  Deposits  of  finely  divided 
Mttfeter.— -On  the  other  hand  we  find  the  very  opposite 
characters  to  prevail  in  those  accumulations  of  ^e  mud, 
the  materials  of  which  can  be  swept  out  far  from  shore, 
which  sink  down  very  slowly,  and  only  reach  the  bottom 
after  prolonged  suspension.  Such  beds  will  be  uniform  in 
composition  over  large  areas,  and  will  be  arranged  in  layers 
of  regular  thickness :  traces  of  current-bedding,  contempo- 
raneous erosion,  ripple-marks,  sun-cracks,  rain-drops,  and 
tracks  of  marine  animals  will  generally  be  wanting  in  them. 

No  better  instance  of  this  contrast  can  be  found  than  in 
the  Oolitic  rocks  of  England.  *  This  group  consists  in  the 

*  It  is  stated  that  ripple-marks      — (Delesse,  lathologie  da  Fond 
bave  been  detected  on  a  muddy      dee  Mors,  p.  111). 
bottom  at  a  dq»th  of  188  metres. 


raacer  connancj,  mnn,  lue  au  waatmiaxmuj  nmwa  o^ 
Dsits,  oome  to  ui  end  aonmdtare;  and  Momdm^  Am 
U7  bande  of  tlu  Oolitn,  ■faiikiiifAj'  pwiiitont  ■■  Aiff 
re,  are  not  abwdutefy  inwiabla  la  thkabiw  aad  vmat' 


SandBtcne  and  wadj  limartgnei 
variaUe  in  oompoaitMn  aad  flpntaWM  non  pnea  ao  jfrnWi 
andthdr  leasar  nbdniiiaas  oftea  tidn.  awr  altogattt 
and  then  after  a  ipaoe  aet  ia  again.  33i*  Omv,  ob  flw 
other  hand,  itratbh  in  nnbnlnn  htUa  aaoaa  us  idaMi. 
Bren  Clay  beds  howerar,  ire  hara  aeen,  in  apita  of  flHk 
greater  constancj,  mnit,  like  all  aedtaiuoal^  foaned  i 
posits,  ■  "'  "^"        """  "     '     " 

tJUy  1 

abetdutefy  inniiabla  ii 
sition ;  thc^  bare  all  one  or  nuae  apon  01  TnaTimnia  vaeK> 
nees,  and,  as  ire  depart  fron  dioae,  tiuy  tail  avaj  gn- 
dnally,  and  in  some  oasea  ahor  as,  I7  baoontn^  aaai^r  aai 
by  a  decrease  in  their  lliiiit  1M1.  tiiat  we  are  apnaoaieUi^ 
the  ooaat  line  of  the  old  sea  in  Thioh  thsj  vareranasd. 

Deposits,  which,  though  of  shallow  water  orisiin,  are 
produced  by  currents  too  feeble  to  carry  anything  but 
tinely  divided  matter,  will  be  marked  by  regularity  of  bed- 
ding, but  may  show  ripplo-marks  and  other  characteristios 
of  shore  formatdons. 

Stratlfioation,  aad  Thiokaaaa  of  Beds. — ^The  sub- 
diTision  of  these  regularly  bedded  deposits  iuto  layers, 
beds,  or  strata,  is  owing  to  pauses  in  the  supply  of 
sediment :  whenever  these  occur,  each  bed  has  time  to 
harden  a  little  before  the  bed  next  in  euccesBion  is  laid 
down,  and  a  plane  of  division  between  the  two  is  formed. 
Hence  we  see,  that,  if  the  supply  is  constant,  the  thickness 
of  the  layers  will  depend  upon  tJie  lengths  of  the  intervals 
between  suocessive  pauses.  If  the  supply  be  continuous,  a 
vast  thickness  may  be  accumulated  without  any  bedded 
structure  whatever ;  this  is  an  extreme  case  that  is  but  little 
likely  to  occur.  It  happens  however  not  imfrequently, 
that  the  intervals  of  interruption  are  so  short,  that  only  an 
imperfect  degree  of  bedding  can  be  established:  clays  de- 
posited under  these  cdrcumstanoee  often  appear  quito 
devoid  of  stratification,  but  when  weathered  or  oaked,  the 
bedded  structure  shows  itself.  On  the  other  hand,  where 
the  interruptions  to  the  supply  of  sediment  recur  after  short 
intervale,  there  is  scarcely  any  limit  to  the  excessive  thin- 
ness to  which  the  beds  may  be  reduced.  If  we  exaaiine 
the  muddy  flats  that  fringe  large  tidsl  estuaries,  we  shall 
find  them  covered  with  a  deposit  known  as  Warp,  a  tough 
clay  which  readily  splits  up  into  layers  no  thicker  then  a 
sheet  of  paper.     It  is  fonned  in  this  way.     At  each  hi^ 
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tide  the  flat  is  flooded  by  water  charged  with  finely  divided 
mud  or  sand :  during  the  period  of  still  water  before  the 
turn  the  sediment  sinks  down  and  is  spread  out  in  a  very 
thin  film  over  the  surface ;  and  each  film  so  formed  is  dried 
and  hardened  by  evaporation,  when  the  ground  is  laid  dry 
at  low  water,  before  another  film  is  laid  upon  it  by  the  next 
advance  of  the  tide. 

Parallel  between  Modem  Bedded  Depocdte  and 
Stratified  Bocks. — The  examples  we  have  given  show 
that  deposits  now  forming  out  of  sediment  carried  by  rim- 
ninjT  streams  into  large  bodies  of  still  water  must  neces- 
sarfly  be  arranged  in  layers  or  beds.  We  have  already 
seen  that  a  beaded  arrangement  of  an  exactly  similar 
character  is  met  with  almost  universally  in  one  large  class 
of  the  rocks  of  the  earth's  crust.  This  close  resemblance 
in  structure  is  one  good  reason  for  believing  that  the  con- 
clusion arrived  at  in  a  particular  instance  at  the  beginning 
of  Chapter  HI.,  is  true  generally  for  the  stratified  rocks  of 
the  earth's  crust ;  and  that  they  have  been  formed  by  exactly 
the  same  process  as  is  now  giving  rise  to  bedded  deposits. 
The  other  points  of  resemblance  between  the  two  are  so 
dose  and  numerous,  that,  as  one  after  the  other  presents 
itself  to  our  notice,  the  inference  gradually  gathers  strength, 
and  grows  into  positive  conviction,  that  an  explanation 
euppOTted  by  such  a  body  of  evidence  must  be  correct. 

SECTION    n.— MATTER    CARRIED    IN    SOLUTION    AND 
THROWN  DOWN  BY  PRECIPITATION. 

We  have  now  to  turn  our  attention  to  the  matter  brought 
down  by  running  water  in  solution. 

One  way  in  which  this  dissolved  matter  is  extracted  and 
servee  to  form  deposits  is  by  precipitation. 

Any  solvent,  such  as  water,  can  dissolve  only  a  certain 
quantity  of  the  substances  soluble  in  it.  If  by  any  means, 
such  as  evaporation,  the  dissolving  agent  is  carried  away, 
the  proportion  of  dissolved  matter  increases,  and  the  solu- 
tion is  said  to  become  concentrated.  When  this  has  gone 
on  till  the  solution  holds  as  much  as  ever  the  solvent  can 
di8fl<dTey  it  is  said  to  be  saturated.  If  more  of  the  solvent 
is  removed,  some  of  the  dissolved  matter  is  thrown  down 
or  pneipiuUed.  Precipitation  is  brought  about  in  several 
ways, 

Iftftng  1^  which  Precipitation  is  brought  abont. 
— ^A.  substance,  like  Ck)mmon  Salt,  soluble  in  pure  water. 
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t^AD  be  thrown  down  by  evaporation  alone.  If  water  is 
carried  away  by  this  meana  faster  than  it  is  supplied,  the 
solution  grows  more  and  more  concentrated,  becomes  at 
length  eaturated,  and  then  precipitation  follows.  This  is 
now  taking  place  in  the  Gbeat  Salt  Lake  of  Utah :  bH 
around  tliis  water  there  are  the  traces  of  old  shore  lines 
that  show  it  was  once  much  larger  than  it  is  now,  it  is 
shrinking  because  evaporation  goes  on  faster  than  supply, 
and  consequently  it  is  saturated,  and  precipitation  is  forming 
deposits  of  Eock  Salt  on  its  bed  * 

Again  there  are  matters  which  are  not  soluble  in 
pure  water,  but  which  can  be  dissolved  in  water  ehar^ed 
with  certain  substances.  In  such  cases,  if  the  solvent 
is  removed,  the  matter  dissolved  by  its  aid  is  precipitated, 
Water,  for  instance,  impregnated  with  Carbonic  Acid 
can  dissolve  Carbonate  of  lime ;  but  when  it  both  loses 
Carbonic  Acid  and  becomes  itself  reduced  in  bulk  by 
■  ■vaj'oratioii,  the  Curbimnte  of  Limi>  is  prrripltiiti-rt.  This 
process  goes  on  to  some  extent  with  overy  spring  in  Inme- 
stone  districts,  and  very  largely  in  the  ease  of  those  springs 
which  rise  from  a  considerable  depth.  While  shielded 
from  evaporation  during  their  underground  course,  there 
is  no  opportunity  for  precipitation  ;  but  directly  the  air  is 
gained,  or  the  pressure  is  in  any  way  lessened.  Carbonate 
of  Lime  is  thrown  down.  The  deposits  formed  in  this  way 
ore  called  Travertin  or  Calcareous  Tufa,  and  the  springs 
from  which  they  arise  Petrifying,  or  more  correctly  En- 
crusting, Springs,  because  anything  placed  in  theim  is 
coated  over  with  Travertin.  This  is  also  the  origin  of  those 
long  bodies,  known  as  Stalactites,  which  hang  from  the 
roofs  of  Limestone  covems  ;  of  the  lumps  of  Carbonate  of 
Lime,  called  Stalagmites,  which  rise  from  their  floor ;  and 
of  the  sheets  of  the  same  substance,  which  coat  their 
walls.  Stalactites  may  be  often  seen  hanging  beneath 
bridges,  the  Carbonate  of  Lime  of  which  they  are  formed 
having  been  extracted  by  percolating  water  from  the 
mortar,  t 

Another  cause  of  precipitation  is  decrease  of  tempera- 
ture. Thus  the  Gteysers  of  Iceland  hold  in  solution  large 
quantities  of  Silica :  when  the  water  escapes  and  coob, 
liis  is  thrown  down  and  forms  a  rock  called  Siliceous 
Sinter.     Similar  phenomena  on  a  still  larger  scale  are  met 
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witli  in  the  YeUowstone  National  Park  of  the  United 
States.^ 

Among  the  rocks  of  the  earth's  crust  there  arc  some 
irhich  have  evidently  been  formed  by  one  or  other  of  these 
methods  of  precipitation.  It  is  only  in  this  way  that  we 
could  obtain  great  beds  of  Kock  Salt,  such  for  instance 
as  thoee  of  Ghecthire,  Saltzbnrg,  and  Wieliczka. 

Some  Limestones  too  have  all  the  characters  of  Traver- 
tine,  ihej  are  porous  and  still  friable  and  retain  traces 
<Kf  plants,  shellBy  and  other  remains,  which  have  been 
encrusted  by  deposition  of  Carbonate  of  Lime  from  solu- 
tion. There  are  also  calcareous  beds  with  a  finely  banded 
stmctnre,  which  seems  to  have  been  given  them  by  the 
X^recipitation  of  veiy  thin  layers  of  Carbonate  of  Lime  one 
^opon  the  other. 

The  same  structure  is  met  with  in  siliceous  deposits 
^^rhich  must  have  been  formed  from  solution,  both  on 
^uxxnmt  of  their  great  purity  and  also  because  they  consist 
<3f  Silica  which  has  the  specific  gravity  and  other  cha- 
of  the  precipitated  form  of  mat  mineral. 
When  two  or  more  compoimd  substances  are  held  in 
>lution  together,  chemical  reactions  often  take  place,  the 
c^iompoand  substances  are  decomposed  and  new  combina- 
"ti^ons  formed  out  of  their  elemente,  and  so  when  precipita- 
te ion  comes  about,  the  bodies  thrown  down  are  altogether 
<lifferent  from  those  originally  dissolved.  Thus  from  a 
K^tnrated  solution  of  Carbonate  of  Lime  and  Sulphate  of 
^^agneeia,  the  substances  precipitated  may  be  Magnesian 
X^dmestone  and  Gypsum  or  Sulphate  of  Lime.  Bom  these 
enter  into  tne  formation  of  the  earth's  crust,  and  it 
a  very  significant  fact  and  very  much  in  favour  of  their 
iving  been  formed  by  some  such  reaction  as  that  just 
loed  that  they  are  constantly  found  together. f  We 
frlmall  return  to  this  subject  in  the  next  chapter. 

CSmiditioiis  necessary  for  Chemical  Precipitation. — 
^e  must  next  inquire  under  what  circumstances  chemical 
"pTPecipitation,  such  as  we  have  described,  can  take  place. 
^hB  first  requisite  is  a  saturated  solution.     Now  it  is  in  the 

•Hatope,  ToLvi  pp.397,437;  1863,   p.    675.      It   is   however 

^'Bpoitiof  the  United  States  G^l.  possihle  that,  in  some  cases  where 

^«««y  of  the  Territories,  1871,  Dolomite  and  Gypsum  occur  to- 

V-  IW,  1873,  pp.  50 — 67.  gether,  the  first  may  have  heen 

t  Bee  Stcorry  Hunt,  Silliman's  formed  hy  the  alteration  of  the 

V?5^  2nd  ser.,  xxriii.  170,  366 ;  second  :   See  Bischors  Chemical 

^*«*>«y  c!  Omada,  Report  up  to  Geology,  i.  420. 
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kighest  degree  improbable,  we  might  almost  Bay  impos- 
sible, that  the  waters  of  a  Urge  open  ocean  cau  ever  bo 
Baturated  with  the  substances  Drought  down  into  them  by 
solutiou.  The  amount  carried  in  this  way  is,  we  have  seen, 
Tery  large,  and  while  water  and  whatever  it  holds  in  solution 
are  both  of  them  constantly  pouring  in,  the  farmer  alone 
ia  removed  by  eraporation,  and  the  proportion  of  dissolved 
matter,  if  there  bo  no  cause  which  extracts  and  removes  it, 
la  cimstantly  on  the  inLTeaae.  But  on  the  other  hand  the 
bulk  of  the  water  through  which  this  dissolved  matter  ia 
to  be  distributed  is  enormous,  and  though  the  degree  of 
concentration  must  increSAe  as  time  goes  on,  a  very  long 
time  indeed  must  elapse  before  anj-thing  like  saturation 
uan  be  ajrived  at ;  and,  long  before  this  tmie  has  gone  by, 
some  one  of  those  changes  in  physical  geography,  which 
are  always  going  on,  will  come  in  to  alter  tlie  ciroum- 
stancHis  of  the  case.  But  it  ia  ultogethcr  different  with 
inland  bodies  of  water  of  moderate  size:  in  their  caae 
thf  re  is  the  same  machinery  at  work  tending  to  produce 
concentration,  and  owing  to  the  much  smaBer  masa  of 
water  acted  upon  saturation  will  be  reached  in  a  shorter 
time.  In  lakes,  which  have  an  outlet,  if  the  discharge  b 
aluggish,  the  evaporation  vigorous,  and  the  incoming 
streams  powerfully  chared,  a  state  of  saturation  imiy 
ensue  and  chemical  precipitates  be  formed;  but  where 
there  ia  no  outlet,  it  is  evident  that  the  solution  mutt  grow 
more  and  more  concentrated  till  this  takes  place. 

For  similar  reasons  all  closed  bodies  of  water,  even  if 
originally  fresh,  must  become  salt  in  time,  because  their 
feeders  bring  in  water  plus  dissolved  matter,  and  evapora- 
tion inceasantiy  removes  the  first  and  leaves  the  secnnd 
behind  to  accumulate.  The  Dead  Sea  for  instance  may 
have  been  once  as  fresh  as  the  Lake  of  Tiberias :  we 
know  that  in  the  case  of  the  former  water  has  been  for  a 
long  time  back  drawn  off  by  evaporation  faster  than  it  is 
jmured  in,  because  there  is  proof  that  the  lake  was  once 
much  big^r  than  it  is  now,  and  the  result  has  been  a 
concentration  of  dissolved  matter  in  it  till  its  present 
intense  saltness  was  arrived  at.  From  the  Lake  of 
Tiberias,  on  the  other  hand,  water  runs  out  as  fast  aa  it 
runs  in,  and  hence  it  remains  perfectly  fresh. 

Whenever  then  we  find  among  the  rocks  of  the  earth's 
crust  deposits,  like  Eook  Salt,  which  can  have  been  pro- 
duced only  by  precipitation,  we  have  proof  that  these 
deposits  were  formed  not  in  the  open  ocean,  but  in  inland 
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bodies  of  water,  and  the  probability  is  very  strong  indeed 
that  these  bodies  had  no  outlet. 

ChemicaUy  formed  rocks  very  generally  possess  a  crys- 
talline stracture  :  and  this  is  one  of  the  exceptions,  which 
the  student  was  told  to  expect,  to  the  generalisation  that 
bedded  rocks  are  non-crystalline. 


SECTION    m.— DISSOLVED    MATTERS    EXTRACTED    BY 

ORGANIC  AGENCY. 

We  have  seen  how  extremely  improbable  it  is  that 
chemical  precipitation  should  go  on  to  any  extent  in  the 
open  sea,  and  yet  there  are  certain  substances,  which  we 
know  are  going  down  day  by  day  in  solution  into  the 
ocean,  of  which  scarcely  a  trace  can  be  found  in  its  waters. 
Of  these  Carbonate  of  Lime  furnishes  the  most  striking 
instance :  we  need  not  repeat  how  largely  this  substance  is 
dissolved  and  how  steadily  it  is  supplied ;  it  cannot  be  pre- 
cipitated, for  the  Carbonic  Acid  in  sea  water  is  far  more 
than  sufficient  to  keep  in  solution  aU  the  Carbonate  of 
Lame  it  receives ;  in  spite  of  this  there  is  in  the  waters  of 
the  open  ocean  scarcely  a  trace  of  it  to  be  found  ;*  what 
then  becomes  of  it  ?  The  answer  is  that  it  is  extracted  from 
the  eSk  water  by  a  host  of  marine  animals  to  form  the  stony 
framework  of  their  bodies  and  the  hard  dwellings  in  which 
they  live.  We  will  now  notice  some  of  the  most  important 
of  these  creatures. 

Foonuniiiifbra. — ^A  very  leading  part  in  the  process 
is  played  by  the  tiny  animals  known  as  Foraminifera. 
These  creatiires  belong  to  the  Protozoa  or  lowest  sub-king- 
dom of  the  animal  world,  and  consist  ^  nothing  but  a 
structureless  mass  of  live  jeUy:  some  of  them  have  the 
power  of  extracting  Carbonate  of   Lime  from  the  water 


*  This  18  well  brought  out  by 
the  following  analysis  of  the 
water  of  the  Clyde  above  Glas- 
gow, and  of  that  of  the  Irish 
Sea  at  the  Bahama  Bank  light- 


Chlorine 
Bnlphuric  Acid 
Carbonie  Add 
Caldom 
Ma^esiam  . 
Bodiom 
Bilica    . 


ship,  situate  in  lat.  54°  21'  N., 
long.  4°  1 1 '  W.  (Thorpe,  IManual 
of  Inorganic  Chemistxy,  p.  142.) 
If  we  call  in  each  case  the 
amount  of  Chlorine  100,  we  get — 


River  Clyde. 

Irish  Sea. 

100 

100 

95 

14 

377 

trace. 

218 

2 

67 

6-6 

35 

56 

36 

trace. 
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and  building  up  out  of  it  sliells,  oft«n  of  the  most  beauti- 
fully regular  sti'uoture,  and  in  Bome  casee  divided  into 
chambers.  They  have  been  foiind  in  vast  nuiubere  over 
those  deep  portions  of  tho  bed  of  the  Atlantic,  which  are 
Bfj  mmoto  from  laud  that  little  meuhauiually  bome  sediment  . 
finds  its  way  into  them,  and  here  the  cases  of  the  little 
oreaturcs  fall,  after  the  death  of  their  inhabitants,  to  the 
bottom,  and  form  a  layer  of  m.ealy  cali'arpous  mud,  to 
which  the  name  Atlantic  or  Deep  Sea  Oo/o  has  been  given.* 

Now  if  Chalk  be  rubbed  down  with  a  brush  under  water 
and  the  resulting  powder  be  examined  under  a  microscope, 
the  particles  will  be  found  to  be  almost  all  of  them  aheJIa 
of  Jvoraminifera,  some  of  which  are  Bcartwly,  if  at  all,  dis- 
tinguishable  from  those  wlueh  go  to  make  up  the  modern 
Atlantic  Ooze.  In  other  Limestones,  harder  and  more 
eonipact  than  Chalk,  similar  shells  occur  in  equal  abundance. 
All  such  rocks,  tliere  can  be  no  doubt,  whatever  be  their 
present  character,  have  been  once  nothing  more  than  accu- 
mulations of  Deep  Sea  Ooze. 

A  ForaminiferouB  ehell  of  larger  size,  knows  by  the 
name  of  Nummulite,  was  at  one  time  extremely  abundant, 
and  immense  masses  of  Limestone  occur  in  many  parts  of 
the  world,  which  are  almost  wholly  composed  of  indiituluals 
of  this  genus. 

Coral. — Another  class  of  animals,  a  little  higher  in  the 
scale  than  the  i"oraminifora,  wliicb  extract  Carbonate  of 
Lime  from  sea  water,  are  the  Corol-building  Polyps.  Some 
of  these,  like  the  common  Eed  Coral  of  commerce,  form 
only  detached  branching  structures ;  but  others,  of  which 
the  Brain  Coral  or  Madrepore  may  be  taken  as  a  type,  live 
together  in  gre^  bodies  and  build  up  immense  masses  of 
soEd  roek-like  CoraJ.  It  is  with  these  latter,  which  are 
called  Beef -builders,  that  we  are  chiefly  concerned. 

Eeef-building  Corals  require  water  of  a  temperature  not 
below  68°  F-,  they  can  flourish  only  in  water  free  fr«m  mud 
or  sediment,  and  some  of  them  seem  to  get  on  best  when 
they  are  exposed  to  the  constant  dash  of  &6  breakers ;  and 
they  cannot  live  at  a  greater  depth  than  about  15  fathoms.  I 

■  The  Depths  of  tbe  Sos  (Pro-  buildingOoralgcannotlive  :  under 

tvinor    Wyville    Thomaon),  sod  cortaiu  oircumBtancea  theo  th^ 

ihe  referoDcea  there  to  the  lil«ra-  tnaji  be  able  to  lire  below  thia 

ture  of  the  subject.  limit.        Dana    howeveT      Ihinkg 

t  It  has  bean  auggelted  that  that   tempecatura  cannot  be  the 

temper&ture  is  the  main  cauaa  in  only  dHtenniDing  cause    (Comla 

fixing  the  limit  b«lo«  which  reef-  and  Coral  Island*,  p.  1  IS). 
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The  young  germs  of  Coral  polyps  are  free  swimming, 
lEmd  we  will  now  consider  what  would  happen,  if  a  colony  of 
them  settled  down  and  developed  into  £xed  full-grown 
indiyiduals,  on  a  shelving  shore  where  the  above  conditions 
are  satisfied. 

As  the  animals  grew  and  multiplied  a  layer  of  Coral 
would  spread  over  the  sea  bed ;  and  as  the  individual 
polyps  increase  very  rapidly,  the  reef  would  grow  steadily 
upwards.  In  the  immediate  neighbourhood  of  the  shore 
the  water  would  be  too  muddy  to  suit  the  Coral  builders ; 
here  then  no  Coral  would  be  formed,  and  the  reef  would  be 
separated  from  the  land  by  a  channel  of  water.  Wherever 
a  river  entered  the  sea,  the  mud  brought  down  by  it  would 
render  the  water  iminhabitable  by  the  Coral  builders  for 
some  considerable  distance  out  to  sea ;  hence  there  would 
be  gaps  in  the  reef  facing  the  mouth  of  each  river.     Sea- 


Fig.  15. — SxcnioN  ACROSS  A  Fringing  Reef. 

wfu*ds  the  Coral  building  would  go  on  till  the  depth  was 
reached  below  which  the  builders  cannot  live,  and  there 
the  reef  would  end  in  a  steep  face.  The  reef  will  rise 
slightly  towards  the  sea,  because  the  builders  flourish  best 
and  grow  fastest  on  the  outside  edge  where  they  are 
exposed  to  the  wash  of  the  breakers. 

Such  a  reef  as  this  is  called  a  Fringing  reef.  A  section 
through  it  would  have  somewhat  the  shape  shown  in 
Fig.  16,  where  A JD  is  the  sea-level,  ABC  the  channel 
between  the  reef  and  the  shore,  and  B DE  the  reef  itself. 

Next  suppose  that  the  country  of  which  Fig.  15  is  a  sec- 
tion Binlu  aownwards  so  that  the  sea  level  rises  graduaUy 
to  the  positions  A^  D^,  A^  D^,  A^  D^,  in  Fig.  16,  and 
let  the  rate  of  sinking  be  not  faster  than  the  rate  at 
which  the  Coral  animals  can  build  up  their  reef.  Then 
the  Coral  will  go   on  growing  upwards    and  be  added 
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in  tier  altove  tier,  eucii  aa  B  B,  D^D,  B,S,  -^t  A> 
BtB^  D.B^.  No  growth  can  take  place  on  the  seaward 
fliae  of  tie  reef,  because  the  water  ia  too  deep ;  and  a  space 
between  it  and  the  lajid  will  be  kept  free  from  Coral,  portly 
by  the  niuddiness  of  the  water,  and  partly  by  the  scour  of 
the  current,  whith  is  produced  by  the  washing  of  waves 
over  the  top  of  the  reef  and  the  eacape  of  the  water  through 
its  openings.  Thus  will  be  produced  a  mighty  wall  of 
Coral  rock,  separated  from  the  land  by  a  deep  and  broad 
cihaiinel,  and  bounded  on  the  seaward  eide  by  a  face  almost 
vertical  and  of  euonnous  height.  Suth  a  reef  is  called  a 
Barrier  reef.  There  is  such  a  reef  fronting  the  uorth-esst 
eoaat  of  Australia,  1,250  miles  long,  from  10  to  90  miles 
broad,  and  with  a  sea  front  eseeeding  in  some  places  1,800 
feet  in  heig^ht :  the  channel  between  it  and  the  sea  ie  frcan 
20  to  711  miles  wide.     A  better  idea  of  its  siie  than  mei« 


Fig.  16. — SicnoN  ACBom  a  BAsxna  Bur. 

figures  will  give,  will  be  conveyed  by  the  oonsideratioii,  that 
such  a  reef  would  reach  from  the  Land's  End  along  tlie 
shores  of  the  British  Isles  up  to  and  beyond  Iceland. 

Barrier  reefs  are  breached  eveiy  now  and  then  by 
openingR,  aod  th»i»  alu>iMi*fae»  valUyt  on  tAe  land  fronting  tie 
reef.  They  are  in  fact  the  gaps  which  were  originally 
established  in  the  earlier  form  of  the  Fringing  reef,  and 
have  been  kept  open  by  the  ecour  of  the  tide  ana  currenta. 

One  more  form  of  Coral  reef,  by  far  the  most  singular 
of  all,  remains  to  be  described. 

Imagine  an  island  surrounded  by  a  Fringing  reef  to  be 
slowly  submerged,  so  that  the  Fringing  reef  becomes  con- 
verted into  a  Barrier  reef.  As  the  smking  goes  on,  the 
amount  of  land  above  the  water  grows  less  and  less,  while 
the  encirdiug  prdle  of  Coral  keeps  growing  upwards.  At 
length  the  last  peak  disappears  below  the  eea  level,  and 
there  rcnuins  only  a  ring  of  Coral  enclosing  a  lagoon. 
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Some  of  the  old  breachee  in  the  original  reef  occasionally 
remain  op«i  and  yield  an  entrance  from  the  open  sea  into 
the  lagoon.  Such  reefs  are  called  Atolls  or  Coral  lelands  : 
the^aroplentifal  in  the  Pacific  and  Indian  Oceans,  and  Tory 
in  size  from  leas  than  a  mile  up  to  80  miles  in  their  longest 
diameter. 

Fi^.  17  is  a  diagrammatic  section  and  Fig.  18  a  view  of 
an  atolL 

In  the  first  the  black  part  represents  the  original  island, 
-djl\,  A,I>f,  Afl>,  the  levels  of  the  sea  at  dilfferent  times 
daring  the  sabmergence,  and  the  successive  additions  of 
Coral  rock  are  denoted  in  the  same  way  as  in  Pig.  16. 

The  shape  of  the  endreling  Coral  belt  depends  of  course 
on  thatafthelandon  whichitisbased,  and  hence  atolls  are 
annular,  triangular,  many-sided,  and  even  of  more  com- 
plicated forms.     The  openings  into  the  lagoon  ore  often 
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I  the  lagoon  itself  filled  up  by  Coral  growth  or 
ions  of  fragments,  powder,  or  mud  worn  off  the 
reef  ud  driven  inwaraa  by  the  breakers. 

The  sketches  in  Figs.  15 — 17  are  mere  diagrams,  and 
do  not  show  either  the  details  or  the  true  proportions  of  a 
barrier  reef  or  atoll :  these  will  be  learned  from  Fig,  19, 
which  is  a  section  more  nearly  to  scale  across  the  rim  of  a 
reef. 

a  $  is  a  platform  nearly  at  low-tide  level,  caUi'd  by  Dana 
the  shore  platform,  almost  flat,  but  rising  slightly  towards 
the  seaward  edge.  Towards  the  open  ocean  the  water  for 
from  100  to  SOO  yards  (a  to  m)  deepens  slowly,  and  there  is 
then  an  abrupt  descent  at  angles  varying  from  40°  up  to 
absolute  verboalit?.  At  b  there  is  a  sharp  rise  of  from  rax 
to  eight  feet,  which  brings  us  on  the  portion  of  the  reef  (i  e) 
which  is  permanently  above  water ;  edia  a.  gently  sloping 
beach  bordering  the  lagoon  or  inner  chaimol;  andfrotna 
the  surface  passes  down,  gently  at  first  and  then  more 
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steeply,  beneatli  the  waters  of  the  latter.  Over  am  there 
are  various  Coral  growths  goiug  on,  which  will  be  more 
specially  noticed  shortly. 

Coral  reefs  are  composed  of  pure  Carbonate  of  Lime,  and 
therefore  the  Coral  builders  provide  the  materials  for  the 
formation  of  Limestone  in  plentiful  abundance.  In  some 
cases  these  masses  are  preserved  and  form  rocks  in  their 
original  reef-like  form.  If  a  shelving  beach,  on  which 
frix^ging  reefs  are  growing,  be  slowly  upheaved,  the  Coral 
raised  out  of  the  water  will  die ;  but  on  the  seaward  side 
of  the  reef  a  fresh  belt  of  water  will  be  rendered  shallow 
enoogh  for  the  Coral  builders  to  live  in  it,  and  the  reef  will 
continue  to  grow  outwards.  This  has  taken  place  on  the 
peninsula  of  Florida,  which  shows  ranks  of  Coral  reef,  one 
within  the  other,  raised  successively  by  gradual  upheaval. 

Again  curious  structures  are  often  produced  by  the 
growth  of  detached  masses  of  Coral  in  regions  of  shallow 
water  outside  a  reef  or  in  the  lagoon  or  channel  within. 
Bncii  axe  shown  in  Fig.  19,  rising  in  slender  pillars  almost 
•up  to  the  surface  of  the  water,  when  they  spread  out  into 
lane  tabular  masses.  Sometimes  the  heads  join  together 
and  so  enclose  large  cavernous  recesses.  The  cavities 
between  these  branching  masses  gradually  get  filled  in 
with  debris  worn  by  the  breakers  off  the  reef,  and  the  whole 
becomes  cemented  by  the  percolation  and  evaporation  of 
water  holding  Carbonate  of  Lime  in  solution  into  an 
extreuidy  hard  and  solid  rock.* 

We  find  occasionally  among  the  older  roi-ks  of  the 
earth's  crust  masses  of  LimoHtone,  which  are  more  or 
less  made  up  of  Coraf  reefs  scarcely  altered  at  all  in  struc- 
ture and  form  from  the  condition  in  which  they  grew ;  and 
the  examples  just  given  enable  us  to  realise  how  thoy  were 
formed.  Such  Coral  beds  enclose  sometimes  the  remains 
of  shells,  fish,  and  other  marine  animals  that  lived  in  the 
water  where  they  grew. 

But  Coral  reefs  are  incessantly  exposed  to  the  severest 
form  of  marine  denudation  ;  the  ])eating  of  the  breakers  on 
their  seaward  face  tears  off  and  hurls  on  to  the  top -of  the 
reef  huge  masses  of  Coral,  and  some  of  these  are  there 
roUed  lubout  and  ground  down  into  calcareous  powder. 
Some  of  this  comnunuted  matter  is  thrown  on  shore,  and 
there  oemented  by  water  holding  Carbonate  of  Lime  in 
solution  into  a  Imrd  rock.  Here  is  an  instance.  *'The 
beach  of  this  island  (Heron  Island)  was  steep,  about  20 

*  Dana,  Conh  and  Coral  Islands,  pp.  Ul— 144. 
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feet  high  at  low  water,  and 
ROtnposed  partly  of  sand  aod 
pOTU;  of  stone.  The  sand 
was  very  coarso,  conipoeod 
vhoUy  of  large  grains  and 
^mall  angular  pieiiea  of  bro- 
ken aad  comminuted  ehells 
find  corals,  with  some  lai^ 
worn  frngmentB  of  both  intw- 
mixed.  The  stone  was  of  pre- 
cisely the  same  mutJ'rial,  hut 
Tei7  hard ;  dark  brown  exter-  ^  . 
nally,  but  still  white  inside. 
It  sometimes  required  two  or 
three  sharp  blows  with  a  ham- 
mer to  break  off  even  a  corner 
of  it.  Its  Burface  was  erery- 
whore  rougii,  honeycombed,  "  ■ 
and  uneven ;  the  beds  were 
from  one  to  two  feet  in  thiok- 
neas,  with  occasionally  in  the 
fine-grained  parts  a  tendent^ 
to  split  into  Hags  or  slabs. 
It  was  perfectly  jointed  by 
rather  eigzag  joints  crossing  ■» 
each  other  at  right  angles, 
and  splitting  the  rock  into 
quadrangular  blocks  of  from 
one  to  two  feet  in  the  side. 
Aa  far  as  external  appearance 
and  character  went,  it  might 
have  been  taken  for  any  old 
roughly  stratified  rock."* 

These  formations  of  beach 
Lunestone  often  possess  the  ' 
structure  which  will  shordy  be 
described  as  Oolitic.  Veiy 
closely,  grained,  compact  lime- 
B  also  formed  by  the 
?  together  of  the 
more  tmely  conuuinuted  Coral 
debris. 

The  wind  aids  the  waves    «.. 
ia    the    work   of     supplying 

*  Jukes,    Eustvrn    Archipeloeo, 
TOI.  i.  p.  7. 
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materials  for  beach  formations,  carrying  the  finer  debris  on 
to  the  permanently  dry  part  of  the  reef,  where  it  becomes 
cemented  into  rock. 

But  a  very  large  part  of  the  debris  of  Coral  reefs  is  swept 
out  to  sea,  and,  mixed  with  sediment  carried  down  from 
the  land,  gives^e  to  deposits  of  sandy  or  earthy  Limestone. 
There  is  stuff  enough  in  the  Barrier  reef  of  Australia  to 
cover  the  whole  bed  of  the  Atlantic  to  a  depth  of  two  feet 
or>  so,  so  that  the  degradation  of  this  reef  alone  would 
furnish  the  materials  for  an  enormous  bed  of  Limestone.* 

Other  Limestone-fleoreting  Animals. — There  are 
other  limestone-secreting  animals  besides  those  mentioned,* 
whose  hard  parts  serve  to  make  up  beds  of  that  rock. 
Thus  some  Limestones  are  composed  of  little  else  but  the 
joints  and  columns  of  Sea-lilies  or  Encrinites;  when 
poHahed  these  form  a  coarse  marble  and  are  largely  used 
for  mantelpieces :  in  other  cases  Oyster  banks  or  accumula- 
tions of  the  shells  of  other  moUusca  are  compacted  into 
Limestone. 

Certain  seaweeds  too,  such  as  the  Corallines,  secrete  Car- 
bonate of  Lime  about  their  tissues,  and  these  grow  so  abim- 
dantly  on  some  coasts,  that,  when  broken  up  and  accumu- 
lated along  the  shore,  they  make  thick  calcareous  deposits. 
Origin  of  pure  Limestones  and  Inference  from. 
their  presence. — One  most  important  generalisation  can 
be  drawn  from  the  facts  we  have  been  just  considering. 
Great  masses  of  marine  limestone  are  formed  by  the  inter- 
mediate agency  of  animals,  and,  as  far  as  we  know,  th^ 
e§n  he  fanned  in  no  other  way.  If  therefore  among  the  rocks 
of  the  earth's  crust  we  find  such  masses  of  limestone,  they 
9re  in  themselves  a  proof  of  the  existence  of  animal  life  on  the 
earth  at  the  time  of  thetr  formationy  even  thmigh  actual  remains 
of  animals  may  no  longer  he  recognisable  in  them. 

Place  of  Limestone  in  the  Sea  Bed. — ^As  a  rule  too 
limestone-secreting  animals  can  flourish  only  in  pure  water 
free  from  sediment :  the  formation  of  organic  limestone  on  a 
Urge  scale  can  therefore  go  on  only  at  spots  so  far  remote  from 
knd  that  no  mechanically  carried  sediment  Jinds  its  way  to  them. 
Just  in  the  same  way  therefore  as  sandy  and  pebbly  deposits 
point  to  shallow  water  and  the  neighbourhood  of  land,  and 

*  Our  knowledge  of  the  method  the  subject,  originally  published 

of  the  growth  of  Coral  Reefs  is  in  the  (Jeology  of  the  Voyage  of 

due  to  Darwin,  and  the  reader  the  Beagle,  and  lately  reprinted  in 

tboold  fill  in  the  above  sketch  by  a  separate  yolume. 
s^esrsfol  rtody  of  bis  writings  on 
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finely  laminnted  muJdy  beds  to  a  portion  of  the  Hea-bottom 
ratker  further  from  the  shore,  so  great  bodies  of  pure 
marine  limoetone  show,  that  the  spot  where  they  occur  was, 
At  the  time  of  their  formation,  far  out  at  ^cii  and  frequently 
that  it  was  in  deep  water. 

*«<iwai«.  tJiA  Plants  Bsorstiiiff  Silica. — Silica  is 
another  substance  largely  carried  away  in  solution  and  re- 
covered by  organic  agency. 

Diatoms  and  some  creatureB  allied  to  Fonuninifera  (Poly- 
cyetiuEe)  form  in  this  way  siliceouB  ahellfl,  and  the  spiculnt 
and  framework  of  many  sponges  are  composed  of  the  same 
material.  The  caeca  and  bard  parts  of  such  creattiree 
nccumulate  on  the  sea-bottom  after  the  death  of  their  owners, 
(tnd  furnish  materials  for  eilioeous  deposits  of  organic  origin. 
In  Home  cases  a  sea-bed  seems  to  have  been  peopled  almost 
exclusively  by  tiny  silica-coaled  creatures,  and  in  tbeee 
cases  their  shells  form  beds  of  sihccouH  rock.  Tripoli  or 
Polishing  Slate  is  the  best  known  instance. 

In  other  cases  the  uTiiTnuln  with  siliceous  coats  live  along- 
side calcareous  Foraminifeia,  forming  however  only  a 
minority  of  the  inhabitante  of  the  sea-bottom.  The  rocks, 
which  have  been  produced  under  these  circumstances,  do 
not  in  many  cases  contain,  as  might  be  expected,  Silica 
disseminated  throughout  their  whole  bulk  ;  as  a  rule.  Silica 
is  present  to  a  comparatively  small  extent  in  the  body  of 
the  rock,  and  occurs  chiefly  in  lumps  and  nodules.  FUnte 
in  Chalk  will  occur  to  oveiy  one  as  an  instance  of  this,  and 
similar  siliceous  nodules  ore  fotmd  almost  universally  in 
organic  Limestones.  We  can  only  say  in  this  case,  that  the 
SiSca,  which  must  have  once  pervaded  the  whole  rock,  has 
been  separated  out  and  gathered  together  into  nodules ;  how 
this  was  done  we  cannot  at  present  explain.  The  name 
Concretionary  Action  is  given  to  the  process,  which  will  be 
touched  on  again  by-aud-bv. 

Sed  Cl»y  of  the  Atlantio. — There  are  some  deposits, 
apparently  differing  in  their  origin  from  any  yet  described, 
wMch  the  eoimdings  of  the  Challenffer  i^pedition  have 
shown  are  now  in  process  of  formation  over  the  very 
deepest  parts  of  the  bed  of  the  ocean.  The  general  results 
of  tiiese  explorations  of  the  sea-bottom  are,  as  far  as  they 
have  been  at  present  made  public,  as  follows. 

The  Atlantic  or  Olobigerina  Ooze  covere,  as  haa  been 
already  mentioned,  very  extensive  tracts  ;  down  to  a  depUi 
of  two  thousand  fathoms  the  shells  retain  nearly  all  theii 
Carbonate  of  Lime,  and  the  deposit  is  essentially  calcare- 
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<ms;  beyond  that  depth  this  calcareous  slime  gradually 
becomes  more  and  more  clayey,  and  passes  into  a  deposit 
to  which  the  explorers  have  given  the  name  of  Ghrey  Ooze. 
In  the  Grey  Ooze  the  shells  of  the  Foraminif  era  can  still 
be  detected,  but  they  have  lost  much  of  their  sharpness  of 
outline,  assume  a  kind  of  rotten  look  and  a  brownish 
^ur,  and  become  mixed  with  a  fine  amorphous  red- 
biown  powder.  As  the  depth  increases  the  proportion  of 
tbis  powder  grows  larger  and  larger,  the  traces  of  cal- 
careous matter  decrease  and  at  last  disappear  altogether, 
and  the  deposit  assumes  the  form  of  a  red  clay  in  the 
finest  possible  state  of  subdivision.  The  red  clay  is  found 
to  be  a  silicate  of  alumina  and  iron. 

The  great  value  of  this  discovery  from  a  geological  point 
of  riew  is  this.  We  should  be  inclined  at  first  sight  to 
think,  that  this  red  mud  is,  like  the  clayey  deposits  we 
have  hitherto  been  dealing  with,  of  mechanical  origin ; 
uid  that  it  is  found  only  at  great  depths  and  far  horn 
l«nd,  because,  being  very  fine,  it  took  a  very  long  time  to 
Kttle  down ;  that  it  is  in  fact  the  impalpable  residue  of 
nrer-bome  sediment  which  remained  in  suspension  after 
tbe  coarser  part  had  sunk  to  the  bottom.  But  a  very  little 
consideration  will  show  us  that  such  an  explanation  will 
luit  fit  in  with  the  facts  of  the  case.  If  this  were  the  orifi^ 
of  the  red  day,  we  ought  to  be  able  to  trace  a  connection 
between  it  and  the  land  by  whose  wear  and  tear  the 
Ottterials  for  it  were  furnished ;  we  ought  to  be  able  to 
foQow  it,  g^wing  gradually  coarser  and  coarser,  up  to  the 
n^m  that  brought  these  materials  into  the  ocean.  But 
^  BQch  connection  exists ;  the  red  mud  occurs  only  over 
^  deepest  parts  of  the  sea-bed,  and  between  it  and  the 
«nd  there  lie  broad  tracts  covered  with  Globigerina  Ooze, 
^  absolutely  free  from  any  trace  of  mechanical  deposit 
^batever.  Its  isolation  therefore  proves  that  it  did  not 
^e  from  land,  and  it  must  have  arisen  in  some  way  or 
titiier  <m  the  areas  to  which  it  is  confined.  How  it  was 
*^*nied  is  stiU  far  from  settled ;  the  passage  from  Globi- 
P*ina  Ooze  through  Ghrey  Ooze  into  the  feed  Clay  is  so 
^Mnsible,  that  it  seems  highly  likely  that  the  two  last 
b«Te  been  formed  out  of  the  first  b}-  the  gradual  removal 
^  its  carbonate  of  lime,  and  Professor  Wyville  Thomson 
?*Kwt»  this  may  have  been  brought  about  in  the  foUow- 
Hig  manner.  He  believes  that  the  Globigerina  live  on  the 
*jrf>«e,  and  that  when  they  die  their  shells  sink  slowly  to 
«*«  bottom ;   as  they  pass  downwards  the  carbonate  of 
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lime  U  dissolved  out  Ly  tlie  aid  of  Uie  carbonic  acid  ctm 
toined  in  the  aea-water;  the  greater  this  depth  throu^ 
which  they  sink,  the  longer  will  they  be  exposed  to  tfai 
tuHioa,  and  the  more  complete  will  be  the  extraction  of  th< 
tiarbonato  of  lime;  il  Uae  depth  be  great  enough,  thi 
carbonate  of  lime  will  be  entirely  taken  away,  and  ther 
will  remiiin  only  the  earthy  insoluble  portion  of  the  shell 
and  this  he  thinks  is  the  material  of  which  the  red  day  i 
composed,  "WTiether  his  explanation  be  correct  ot  not,  th 
red  day  is  there,  it  is  not  a  product  of  denudation,  and  i 
is  in  some  way  or  other  connected  with  the  organic  depout 
of  the  Globigeriua  Ooze,  and  we  have  learned  that  daye; 
rocks  may  be  formed  by  organic  agency  iu  the  most  remot 
and  the  deepest  imrts  of  the  ocean.  Professor  Tbomso; 
points  out  the  possibility  of  some  fine  bomogeneoue  daye 
rocks  of  the  earth's  orust  hariug:  been  formed  by  method 
similar  to  that  which  is  now  producing  the  rod  clay.* 

BECnON  IV.— TBRHESTHIAL  DEPOSITS. 

"We  have  now  dealt  with  that  portion  of  the  waste  o 
denudation,  by  far  the  larger  part,  which  is  carried  dow 
into  bodies  of  still  water,  and  have  described  the  dtfireren 
ways  in  which  it  becomes  arranged  in  bedded  deposits. 

A  certain  ^rtion  however  of  denuded  matters  is  a  Iob: 
time  in  making  its  journey,  and  often  tarries  on  its  waj 
forming  accumulationB  on  aiy  land  diatinguiBhed  as  Teiree 
trial. 

The  Terrestrial  deposits  of  the  present  day  are  far  bta 
being  insignificant ;  and  now  that  we  have  found  so  man. 
rocks  that  bear  a  dose  resemblance  to  denuded  matter 
which  have  been  arranged  under  water,  the  qaestio 
naturally  suggests  itself,  whether  there  are  any  rock 
approaching  in  the  same  way  the  accumulations  of  th 
products  of  denudation  on  dry  land. 

We  cannot  reasonably  expect  to  find  among  the  rock 
of  the  earth's  crust  many  which  correspond  to  th 
Terrestrial  deposits  now  going  on.  These  accumulatioD 
are  so  liable  to  be  broken  up  and  carried  away  by  a  coi 
tinuance  of  the  denuding  processes  whidi  gave  rise  to  then 

*  8«e  Nature,  xi.  95,  116 ;  zii.  187S,  in  which  paper  the  naii 

174.      Abo    ProfesBor    Hailey,  will  find  an  admirable  lammai 

"  On  •oTue  of  the  Iteaolts  of  the  of  vhnt  ia  known  on  the  eubje 

Expedition  ofH.M  H.  Challmgtr,"  of  organic  depoaits,  and  i«fercnc 

'    Contemporary    Iteview,     Marcb,  to  onginftl  meoioii*. 
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(baX  it  is  only  as  it  were  by  some  happy  accident  that  they 
lurme  at  all  the  wear  and  tear  which  tiie  surface  is  always 
Qodergoini^y  and,  when  .they  do  manage  to  escape  total 
dntmction,  as  a  rule  only  fragments  of  them  are  preserved. 
But  we  can  imagine,  that,  if  ground  is  let  down  very  gently 
beneath  water,  the  loose  matters  lying  on  its  surface  may 
become  submerged  without  being  destroyed,  may  be  covered 
^  hj  subaqueous  deposits,  and  may  be  handed  down  as 
we  leHcs  of  a  land  surface  that  has  long  passed  away. 

Ul  ftttd  Bain-wash. — Under  the  present  head  come 
^  deposits  of  rain- wash  described  in  the  last  chapter,  and 
the  surface  soil  formed  partly  by  the  breaking  up  of  the 
lutdetljing  rock  and  partly  by  the  decomposition  of  vege- 
We  matter. 

The  remains  of  .old  soils,  still  penetrated  by  the  roots  of 
plutts  that  grew  in  them,  and  wim  the  stools,  and  occasion- 
•Dy  the  trunks,  of  trees  in  the  position  in  which  they  g^w, 
^  now  and  then  found  among  solid  rocks.  One  of  the 
beet  known  cases  is  the  **  Dirt  Bed  "  of  the  Island  of  Port- 
W  and  the  adjoining  coast,  a  section  of  which  is  given  in 
Kg.  20.  The  lowest  beds  (1)  are  Limestones  proved  by 
their  fossils  to  have  been  formed  beneath  the  sea ;  on  these 
there  rests  a  thin  band  (2)  of  dark  earth,  full  of  angular 
fragments  of  the  underlying  Limestone  and  containing  the 
"tools  of  large  plants  allied  to  the  modem  Oycas,  with  here 
^  there  prostrate  trunks  of  trees  :  above  this  come  other 
limestones  (3),  containing  fossils  which  show  them  to  be 
<rfestQarine  origin.  The  surface  is  formed  by  a  *'  brashy  " 
^itony  soil  (4),  composed  partly  of  dark  vegetable  matter 
^  putly  of  fragments  of  the  rock  (3).  Now  even  if  the 
plttitB  in  the  band  (2)  did  not  clearlv  bespeak  its  origin,  wo 
fo^dd  not  fail  io  be  struck  by  the  dose  resemblance  which 
^  bears  to  the  present  surface  soil  (4).  There  is  no  rounded 
^  foreign  stone  in  it,  all  the  fragments  are  of  the  rock 
^Buoediately  beneath,  it  is  as  true  a  ''  brash  "  as  the  loose 
■•tter  at  ihe  top  of  the  section ;  and  the  dark  earth,  in 
*hidi  the  stones  are  embedded,  is  unmistakably  vegetable 
**!•  The  roots  of  the  plants,  though  their  evidence  is 
■^•fcely  needed,  furnish  additional  proof  that  we  have  here 
in  old  land  surface ;  that  before  the  deposition  of  the  beds 
(')  the  lower  Limestones  had  been  raised  into  the  air  and 
■'Ppwted  vegetable  growth ;  that  partly  by  the  decay  of 
r^^  and  partly  by  the  atmospheric  breaking  up  of  the 
'^  the  band  (2)  was  formed ;  that  tlie  whole  was  then 
*w  beneath  water  in  which  the  rocks  (3)  accumulated,  and 
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that  the  submergenoe  was  so  gentle  that  the  loose  surface 
oorrering  was  not  swept  away.  The  lower  portion  of  tho 
1)edB  (3)  will  be  observed  to  be  bent  up  over  one  of  the 

itoolB,  which  projects  above  the  surface  of  the  "  Dirt  Bed." 

Oocasionallj  two  dirt  beds  are  seen  in  the  section,  showing 

iliat  the  process  happened  twice  over. 
We  shall  notice  still  more  striking  instances  of  the  pre- 

wrration  of  old  vegetable  soils,  when  we  come  to  consider 

tke  f  oimatioii  of  CoaL 
In  some  <sa8es  old  soils  have  been  sealed  up  and  preser\-ed 

W  sheets  of  lava  that  have  flowed  over  them.  Hius  in 
Vadeira  Sir  C.  Lvell  has  described  red  partings  of  laterite 
or  red  ochreooB  claj  between  sheets  of  basalt.  **  These  red 
lands  vary  in  thickness  from  a  few  inches  to  two  or  three 
fee^  and  consist  sometimes  of  layers  of  tuff,  sometimes  of 
indent  soils  derived  from  decomposed  lava,  both  of  them 
^t  to  a  brick-red  colour,  and  altered  by  the  contact  of 
l&dted  matter  which  has  flowed  over  them."*  Similar 
iBteicalations  of  red  earth,  which  also  probably  represent 
oU  land  surfaces,  occur  among  the  basalts  of  the  north-east 
of  Ireland  and  of  the  western  islands  of  Scotland.  They 
^ODotA  of  bands  of  day  and  earth,  usually  only  a  few  inches 
m  thickness,  of  a  bright  red  colour,  and  appear  to  be  beds 
^  8oQ  formed  by  the  weathering  of  the  surface  of  one  lava 
itream,  which  were  afterwards  burnt  to  their  present  colour 
vHen  they  were  overwhelmed  by  the  next  sheet  of  lava. 

'  Aocomnlations  of  vegetable  matter,  sometimes  converted 
^  charcoal  and  sometimes  forming  Lignite  or  Coal,  are 
^  met  with  in  similar  positions,  and  these  may  occasion- 
%be  observed  to  rest  on  a  soil,  in  which  the  roots  of  the 
P^ta  can  still  be  detected.! 

8er«es. — ^At  the  footof  diffs,  both  inland  and  on  the  sea 
ttast,  and  on  steep  rocky  hillsides,  fragments  of  disinte- 
S'tted  rock  accumulate  in  great  piles  of  ang^ular  blocks, 
^bidi  are  known  as  Screes,  These  are  sometimes  rolled  by 
^  waves  and  spread  out  in  sheets  of  coarse  shingly  Con- 
aerate  ;  sometimes  they  are  covered  up  pretty  much  as 
^  lie  and  give  rise  to  breccias. 

A  capital  instance  of  a  deposit  which  has  arisen  in  this 
^  is  furnished  by  the  Dolomitic  Conglomerate  of  the 
*^-we8t  of  England,  the  nature  of  which  is  shown  on 
*«iectioninrig.  21. 

The  country  crossed  by  the  section  is  a  plain  of  red  Clays 
^  Sandstones  {e)  in  which  there  stand  up  every  here  and 

.*  KUniflota    of   Geology,   6th  t  Judd,  Qaart.  Jonm.  Geol. 

^  P  630.  8oc.  of  London,  xzx.  227. 
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there  isoUted  hills  of  hard  Iira«- 
Etun«fd).  Ermyoneof  thcsohiUs 
is  fringed  bv  a  bank  of  coarse 
Conglumetate  and  Breocia  {i), 
made  up  of  roiuid«l  boulders, 
pebbles,  and  angular  blocks  of 
the  Limestone  [a) ;  in  each  case 
the  Oonfclomerate  is  thickest  in 
the  inintedial^  neiglibourfaood  of 
the  Limestone  hill  which  it  eur- 
rounds,  pnwe  ihinncr  as  we 
recede  from  that  hill,  and  at 
length  whollj'  ilisapp««n. 

The  CoagiotavTuteo  and  Clays 
are  interbedded  in  such  a  way 
that  it  is  evident  thai  the  for- 
mation of  the  two  must  have 
pinvt  on  together,  and  the  steps 
of  the  process  must  have  been 
as  follows.  The  wuntry  was  at 
one  time  covered  by  a  broad 
sheet  of  water,  in  the  middle  of 
which  bosses  of  the  Limeetone 
(a)  stood  up  as  islands.  Lito 
this  water  rivers  carried  down 
red  mud  and  Band,  which  fur- 
nished the  materials  for  the  beds 
(o).  On  the  exposed  Burface*  of 
the  islands  eubaerial  waste  pave  ., 
rise  to  an  accumulation  of  Scrpfs". 
at  the  same  time  that  the  red 
beds  were  being  regularly  laid 
down  in  the  surrounding  water. 
After  a  time  the  land  sank,  and 
the  water  encroached  over  a  por- 
tion of  what  had  previously  boon 
dry  land;  the  submerged  part 
of  the  Screes  became  thus  co- 
vered up  by  layers  of  red  beds, 
and  appeared  as  a  wedge-shaped  ■• 
mass  of  Conglomerate  inter- 
stratified  with  the  lattpr.  By 
a  rejietition  of  tliis  process  the 
gucccBBive  alternations  of  red 
Clay  and  Conglomerate  were  pro- 
durod,    Round  the  margin  of  the 
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^^Bnds  it  would  also  happen  that  the  waves  would  play  upon 
^«  accumulations  of  debris,  round  its  fragments  into  peb- 
bles, and  spread  them  out  in  layers  of  shingly  Conglomerate 
^^ong  the  more  quietly  deposited  strata  of  Clay.  The  sub- 
^Jial  character  of  these  Breccias  is  borne  out  by  the  fact  that 
^*i<ey  contain  the  bones  of  two  genera  of  terrestrial  reptiles.* 


'^'hicli  seem  to  be  old  Screes.f 

Blown  Sand. — Another  very  common  form  of  terrestrial 
^tnimulations  is  that  of  Blown  Sand.      In  many  cases  we 
^^xd  the  seashore  fringed  by  a  belt,  often  of  considerable 
hreadth,  of  hillocks   or  Dunes  of  Sand,  which  has  been 
^ed  by  the  wind  and  blown  inland  from  the  beach. 
Similar  piling  up  of  sand  goes  on  in  large  deserts  and  other 
^dy  tracts  of  the  earth's  surface.     Those  sandy  accumula- 
tions often  show,  when  cut  into,  rude  bedding,  and  the 
action  of  the  wind  j)roduces  in  them  structures  exactly 
anaiogfius    to    the    current-bedding    and    ripple-drift    of 
subaqueous  sandstones.     In  some  cases  the  sand  is  mixed 
with  broken  shells,   and  water,  percolating  through  the 
mass,  dissolves  out  their  Carbonate  of  Lime  and  redej)08its  it 
as  a  cement,  so  that  a  hard  calcareous  Sandstone  is  pro- 
duced.    Shoidd  any  of  these  accimiulations  of  Blown  Sand 
be  preserved  in  the  manner  just  described,  it  would  be 
almost  impossible  to  distinguish  them   from  Sandstones 
formed  beneath  water,  unless  they  happened  to  contain  land 
sheUs  or  land  plants  in  the  position  in  which  they  grow. 
It  is  therefore  possible  that  some  of  the  sandstones  of  the 
earth's  crust  may  have  been  originally  Blown  Sand. 

Rooks  of  Vegetablo  Origin. — Perhaps  the  most  im- 
ixnrtant  of  terrestrial  deposits  are  those  of  vegetable  origin. 
There  are  plants,  such  as  the  peat  mosses,  which  in  cold 
temperate  ^imates  form  in  swampy  situations  and  hollows 
broad  and  thick  sheets  of  vegetable  matter  known  as  peat 
mosses.  When  the  lower  parts  die,  the  upper  surface  fives , 
on  and  grows  upwards,  and  the  sheet  of  vegetable  matter 
continues  to  increase  in  thickness.  J      The  peat  bogs  of  our 


*  De  la  Beche,  Memoirs  of  the 
GtoL  Survey  of  €h-eat  Britain, 
L  240;  Qeoiogioal  Obeerver,  p. 
660;  Btheridge,  Quart  Journ. 
OeoL  See.,  zxvL  174;  Huxley, 
Ibid.,  42. 


t  Quart  Journ.  Geol.  Soc.,  xx. 
149,  152.  For  another  case,  see 
Judd,  Quart  Journ.  Oeol.  Soc., 
XXX.  281,  Fi^.  9,  and  286. 

{  J.  Geikie,  Transacts.  Royal 
Soc  of  Edinburgh,  xxiv.  363. 
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own  iabods  iad  the  Great  Dismal  Swamp  of  Yireinia  ait' 
weU'knoini  instances  of  these  vegetable  accumulationB,* 
We  must  now  explain  how  such  layers  of  dead  plaate  hars 
gliven  riM  to  rbclu. 

Qoal. — Wftcan  readily  imagine  an  accumulation  of  dead 
land  plants,  like  a  peat  boj^,  being  let  down  gently  beneath' 
water,  ooTCmd  up  by  deposits  of  sediment,  and  preserved  in 
tbamiddlefrf  a  mass  of  bedded  sand  and  mud.  Husisnow 
admitted  to  have  beeu  the  origin  of  bods  of  Coal,  the  conclu- 
sion having b^en  coqie  to  by  the  following  line  of  reasoning. 

As  has  beok  already  explained,  it  has  long  been  allowed 
on  all  hands  that  Coal  ia  of  vegetAble  origin ;  but  at  one' 
time  KiMt  difference  of  opinion  existed  as  to  hovr  tlie' 
Tegetable  matter  out  of  whiuh  it  is  formed  was  brou^tt! 
together,  Bome  geologists  would  have  it  that  Coal  was  an! 
acoumulation  of  drift  plants,  just  as  Sandstones  and  Shales 
are  accumulations  of  drifted  sand  and  mud.  There  are 
several  very  strong  objections  to  tbis  view.  Many  CoaL 
seams  extend  with  a  fairly  regular  thickness  over  traots 
hundreds  of  square  miles  in  area,  and  it  is  not  easy  to  see 
how  such  a  Ugnt  matter  as  dead  wood  could  be  spread  ont 
in  even  and  regular  layers  of  such  great  extent.  Again 
the  better  kinds  of  Coal  ore  nearly  pure  vegetable  matter, 
and  contain  only  a  very  small  percentage  of  sandy  and. 
clayey  admixtures.  Sucji  purity  of  compositinn  is  hardly 
explicable  on  the  Drift  theoir,  for  the  wafer  that  carried 
down  the  dead  plants  would  bring  also  sediment,  the  two 
would  be  inevitably  mixed  up  together,  and  the  reeolfe 
would  be  a  sort  of  Coal  cert^nly,  but  a  Coal  far  mor» 
earthy,  and  producing  when  burnt  a  far  larger  quanti^  of 
ash,  than  the  majority  of  Coals  in  oae.  It  is  found  too  in 
some  cases  that  the  small  quantity  of  impurity  which  Coal 
does  contain  agrees  in  amount  and  composition  with  tha 
earthy  portion  of  living  plants.  So  that  vie  whole  of  Coal, 
both  its  carbonaceous  part  and  its  ash,  may  have  ooma 
from  a  vegetable  source. 

8ome  other  explanation  had  therefore  to  be  sought  for, 
and  the  first  step  in  the  right  direction  was  made  by  Sir 
W.  Logan.  He  pointed  out  that  every  bed  of  Coal  i«sts 
on  a  peculiar  clay,  to  which  the  name  Underelay,  8ea^ 
earth,  or  Warrant  is  applied.  These  underclays  vary  veiy 
much  in  mineral  composition  and  other  resoects,  but  they 
all  agree  in  two  points  :  they  are  unstratifiea  and  break  ap 
into  irregular  lumpy  fragments,  and  iliey  always  oontain  a 
■  Sir  C.  Lyell,  Tisvels  in  Korth  America,  L  chap.  viL 
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pecnHar  TM;0taUe  f  oesil  known  as  StiKmaria.   These  Stig- 

maxia  are  umg,  branching,  cylindrical  bodies,  dotted  over 

with  riffalarlj  arranged  pits  or  scars,  from  which  long 

libbon-uiaped  filaments  run  out  in  all  directions,  till  the 

Clay  is  sometimes  one  thickly-matted  mass  of  them.     The 

Bliffmaria  lie  parallel  to  the  bedding,  and  their  position 

•nd  the  root-like  processes  that  spring  from  them  suggest 

iiatozaUy  the  idea  that  they  are  roots.     That  this  is  really 

Iheir  character  was  first   proved  by  Mr.   Binney.      He 

&ooTered  in  a  railway  eattmg  near  Manchester  the  trunk 

of  a  tree,  very  commonly  found  fossil  in  the  measures 

MBodated  with  Coal  and  known  by  the  name  of  Sigillaria, 

sUnding  erect  as  it  ffrew  and  still  connected  with  its  roots. 

These  roots  were  Stigmaria,  and  the  bed  into  which  they 

<fnick  down  was  an  underday.     Many  similar  cases  have 

•ince  been  observed.     The  mystery  was  now  fully  solved  : 

the  Under-days  are  old  terrestrial  soils,  and  the  trees  and 

plants  that  grew  upon  them,  as  they  died  and  fell  to  the 

gioond,  f onned  a  layer  of  nearly  pure  vegetable  matter : 

^^  a  time  the  surface  was  lowerea  beneath  water,  but  so 

g^y  that  the  soft  pulpy  mass  was  not  disturbed,  sand  and 

^J  were  laid  down  on  the  top,  and  the  band  of  dead  plants 

^  thus  sealed  up,  preserved  ^m  decay,  and  converted  by 

pt^esBure  and  chemical  changes  into  a  seam  of  Coal.* 

Rg.  22  shows  a  bed  of  Coal  and  its  underday :  the  Coal 
vs  been  removed  in  the  front  part  of  the  diagram  so  as  to 
^7  bare  the  underday  and  show  the  Stigmaria, 

fig,  23  will  give  an  idea  of  one  of  the  erect  trunks  just 
optioned.  The  beds  in  the  upper  part  of  the  diagram  are 
%ale6  and  Sandstones,  which  nave  accumulated  round  the 
tntnk ;  beneath  these  is  a  thin  bed  of  Coal,  and  that  rests  on 
^  underday  into  which  the  roots  strike  down. 

MiaquMms  Coal-f — That  most  of  our  Coal  seams  have 
W  their  oriffin  in  the  manner  described  is  beyond  ques 
*^  but  we  do  occasionally  meet  with  Coal  which  has  been 
lormed  under  water  out  of  masses  of  drift  timber  and 
plants  carried  down  by  rivers  and  buried  among  mechanical 

*  Strnnhanirr,  American  PhiL 
|<>&nction8,  new  series,  toI.  i. ; 
^^^,  Transactions  GeoL  Soc. 
^londcm,  1842;  Binney,  PhiL 
fH*,  1S44,  1845.  1847;  Quart. 
if^  OeoL  8oc..  ii.  390,  vi.  17  ; 
^l^ittsctions  of  Manchester  Oeol. 
««.Ll78 ;  Bowman, Ibid.  L  112  ; 
"'^J^  Qnart  Joum.  Geol.  Soc., 


ii.  393;  Geology  of  the  ISouth 
Staffordshire  Coalfield  (Mems.  of 
the  G«ol.  Survey  of  England  and 
Wales),  2nd  ed.  p.  216,  and  the 
references  in  the  note  to  p.  78. 

t  These  rocks  ought  by  good 
rights  to  be  placed  under  Sec- 
tion I ;  it  is  however  more  con- 
yenient  to  consider  them  here. 


I. 
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onto.  Sodt  Goal  oocun  however  rather  in  lentjcular 
^es  than  regular  beds,  and  is  apt  to  be  imptuv  from  a 
tore  of  eartby  sediment. 

n  the  middle  ol  sandstone  beds  too  litUe  nests  of  Coal 
n  occur,  irhirik  must  have  been  formed  in  this  way ; 


the  bark  of  fossil  trees  embedded  in  rock  has  fre- 
Uly  been  converted  into  very  bright  and  pure  CoaL 
hawal  CoaL — One  very  important  variety   of  Coal, 
t*n  as  Cannel,  is  probably  of  subaqueous  origin.     It 
viably  occura  in  patchee  tbinoing  away  to  nothing  on 

vdes,  tind  it  seems  likely  that  each  patch  marks  ihe 
*  of  a  pool  or  lake,  in  which  the  vegetable  matter  lay 
'  it  was  macerated  into  a  bla^  varbonaceous  pulp. 
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Many  facts  lend  stipport  to  thia  yiew.  The  renming  of  fish 
are  of  constant  occurrence  in  Gunnel  Coal,  and  they  could 
not  have  got  there  unless  the  bed  w&e  formed  beneath 
water.  Beds  of  Cannel  uIbo  paiBB  bj  a  gradual  increase  of 
earthj  admixture  into  well  etrati£ed  bluck  cjirbonaceous 
shale ;  and  we  can  readily  imagine  how  this  would  como 
about,  if  the  stream  carried  at  the  eame  time  mud  and 
plants  into  a  lake.  The  heavier  sediment,  stained  by  some 
vegetable  matter,  would  sink  down  first,  the  lighter  wood 
would  float  to  groatOT  distances,  and  thus  near  the  mouth 
of  the  river  the  deposit  would  be  mainly  blark  mud, 
further  on  in  the  pool  the  proportion  of  vegetable  matter 
would  increase,  and  at  last,  when  all  the  earthy  sediment 
had  been  strained  out,  there  would  be  accumulations  oon- 
sisting  almost  entirely  of  drifted  plants,  which  continued 
Booking  would  reduce  to  just  such  a  pulp,  as,  when  com- 
pacted, would  furnish  a  Cannel  Ooat. 

FartingB  in  Coal  Seams. — Thick  seams  of  roal  are  very 
frequently  made  up  of  a  number  of  different  beds  separated 
by  layers  or  "  pertiD^  "  of  shale  or  sandstone,  and  these 
partings  are  reiy  variable  in  thickness ;  we  frequently  find 
that  a  parting,  which  has  been  a  mere  fraction  of  an  inch 
in  thickness  over  a  large  area,  swells  out  in  a  certain  direc- 
tion till  it  becomes  many  feet  thick.  The  Thick  Coal  of 
South  Staffordshire  for  instance  is  in  the  centre  of  the  field 
a  mass  of  coal  30  feet  in  thickness,  and  is  practically  a 
single  seam ;  even  under  Uiie  form,  however,  it  is  readily 
seen  to  be  made  up  of  a  number  of  beds,  parted  from  one 
another  by  planes  of  stratification,  and  differing  in  character 
and  quality ;  as  we  trace  the  seam  northwards,  partings 
come  in  between  the  beds  and  thicken  to  the  north,  and  in 
a  space  of  five  miles  the  single  seam  of  30  feet  has  become 
spht  up  into  ten  coals,  which,  with  the  measures  between 
them,  make  up  a  thickness  of  500  feet.* 

We  can  readily  understand  how  partings  were  formed. 
When  a  certain  uuckness  of  vegetable  matter  had  accumu- 
lated, it  was  lowered  beneath  water,  and  mud  or  sand  de- 
posited on  the  top ;  but  the  submergence  lasted  only  for  a, 
very  short  time — only  long  enough  to  allow  of  a  very  thin, 
layer  being  laid  down ;  men  the  whole  was  raised  again, 
and  vegetable  ^7X)wth  and  formation  of  Coal  b^an  afresh. 

The  thickenmg  of  a  parting  must  have  been  brought^ 
about  somewhat  m  the  way  shown  in  Fig.  24.    The  lower 

*  OeologT  of  tlie  South  Slmf-  the  Oeolwical  Survejr  of  Ens— 
fbrdtbiro   Coal   Field  (Mam.  of      land  ud  Wales),  p.  2f. 
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bed  of  Goal  was  first  formed,  and  then  submerged ;  but  the 
KrnkJTig  gradually  increased  in  amount  from  the  left  to  the 
right,  so  that  the  Coal  was  Brought  into  the  position  ah; 
then  deposition  of  sediment  levelled  over  the  inequalities 
produced  by  unequal  subsidence  up  to  the  line  e  d;  then 
the  whole  was  raised,  and  on  the  level  flow  c  d  another 
seam  of  Coal  gre^ 

There  are  ako  irreg^ularities  in  beds  of  Coal  which  admit 
of  a  somewhat  different  explanation.  Let  ah,  cd,  in  Fig. 
25,  be  two  level  tracts,  over  which  coal-growth  is  going  on, 
separated  by  a  rising  boss  of  land  on  which  little  or  no 
vegetation  flourishes.  Water  running  down  the  flanks  of 
the  risine  ground  will  carry  sediment  on  to  the  levels  on 
either  side,  but  when  it  reaches  the  flat  ground  the  water 
will  come  to  rest  and  the  sediment  will  be  quickly  thrown 
down.  Hence  banks  of  sand  or  mud  will  form  roimd  the 
boss  at  the  same  time  that  Coal  is  growing  further  away 
from  it;  but  these  banks  will  thin  away  rapidly  as  we 
recede  from  the  boss,  and  at  a  little  distance  froln  it  the 


]^.   24. — DlAORAJf    TO    BXPIjmC    THE  THICXBNIirO   OF  A  PABTntG   IN 

▲  Seam  of  Coal. 


growth  of  Coal  will  go  on  williout  any  admixture  of  sediment 
with  the  vegetable  matter.  The  formation  of  the  seam  may 
be  supposed  to  begin  with  the  growth  of  the  layer  e^  which 
thins  away  and  ends  ofl  against  the  boss ;  then  the  bank  of 
sand  /"and  the  layer  of  Coal  g  may  be  formed  at  the  same 
time ;  then  there  may  be  an  addition  of  Coal  h  on  the  top  of  y, 
which  extends  itself  over  the  top  of  /  up  to  the  boss  ;  on 
the  top  of  this  another  sandbank  may  be  deposited  on  the 
right,  and  more  Coal  grow  on  the  left.  A  repetition  of  this 
process  will  give  us  a  thick  bed  of  Coal  free  from  partings 
on  the  left,  which,  as  we  go  to  the  right,  is  split  up  by 
partings  till  nearly  all  the  Coal  has  disappeared.  The  same 
result  will  be  produced  over  the  flat  c  d ;  and  when  the 
seam  comes  to  oo  worked,  it  will  be  found  clean  and  good 
at  a  and  df  but  as  we  approach  the  middle  of  the  diagram 
will  appear  to  change  into  a  mass  of  Shale  or  Sandstone  con- 
taining a  number  of  thin  layers  of  Coal.  Cases  of  this  sort 
are  of  very  frequent  occurrence. 
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The  tOTTmtrial  depoeits  produced  by  the 
a<lion  of  ice,*  whicJi  are  very  extensive  imd  of 
j^at  importance,  will  be  treated  of  in  tlie 
uest  section. 

SECTION  v.— DEPOSITS  OF  ICE-FORMED 

DETRITUS. 

Much  of  the  waste  produced  by  the  attion 
of  ice  is  carried  to  ita  resting-place  in  the 
etune  way  as  the  products  of  other  denuding 
forcee;  iu  some  cases,  however,  ice  ilEtlf  acts 
as  a  carrier,  und  the  accumulutions  thus  pro- 
duced differ  in  many  iiuportajit  points  from 
any  we  have  yet  considered.  But  whether 
borne  away  by  moving  ice  or  running  water, 
the  depoitilii  due  to  ico-artion  have  eo  marked 
and  dbtinetive  a  stamp,  that  they  may  very 
properly  be  placed  iu  &  section  by  themaelvea. 

DistiuctiTa  Charwitors  of  loe-boma 
Detritiw.— -We  will  first  point  out  what  the 
characters  are  which  are  peeuhar  to  ice-borne 
detritua,  and  enable  ua  to  distinguish  it  from 
that  carried  by  rivers. 

The  latter  neoesaarily  undergoes  wear  and 
tear  and  becomes  more  or  lees  rounded :  also 
running  water  cannot  transport  to  any  great 
distance  blocks  of  large  size.  By  means  <if 
moving  ice  on  the  other  hand  blocks  of  enor- 
mous size  may  be  carried  without  any  round- 
ing at  all ;  by  land-ice  they  may  he  borne 
away  from  a  niouatain-ljsp  across  valley  and 
bill,  and  dropped  far  away  from  their  parent 
home  ahnost  as  sharp  and  angular  as  when 
first  broken  off,  and  icebergs  c«n  float  them 
with  aa  little  wear  to  still  greater  dititancea. 

Also  the  sediment  carried  by  running  water 
will,  when  it  comes  to  rest,  ho  arranged  to  a 
certain  degree  according  to  the  size  and 
weight  of  the  fragments ;  the  heavier  and 
coarser  will  fall  down  first,  and  the  lighter 
and  finer  will  remain  longer  in  suspension,  . 
and  nettle  down  further  olf  frum  the  source 
of  supply.  Such  deposits  will  alt^o  be  arranged 
in  beds  or  layers.  But  in  the  case  of  the  | 
stuff  shot  over  the  end  of  a  glacier,  or 
dropped  from  a  floating  iceberg,  or  churned 
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lip  leneaih  a  sheet  of  continental  ice,  there  will  be  no  sort- 
of  this  sort :  bi^  blocks  and  fine  earth  will  be  heaped 
Umdl  together  without  regard  to  size  or  weight,  and  the 
ner,  instead  of  sinking  on  to  their  broad  sides,  may 
be  Mcked  cm  their  smaller  ends  or  edges :  there  will  also 
be  jiiUe  or  nothing  of  bedded  arrangement  in  the  deposits 
fanned  by  land  ice. 

fint  the  most  easily  recog^nised  and  unmistakable  sign 

wliich  ice  leaves  of  its  handiwork  has  yet  to  be  pointed  out. 

rhe  stones  frozen  into  the  under  surface  of  a  mass  of 

vioying  ice,  and  the  stones  over  which  it  passes,  mutually 

BDooth  and  cut  into  one  another.    Two  large  stones  by 

robbing  against  one  another  become  worn  flat,  and  often 

Polishea  as  thoroughly  as  if  they  had  passed  through  a 

lapidary's  hands:   the  harder  and  sharper  stones  act  as 

totting  toolsy  and  grind  grooves  in  whatever  they  pass 

orer,  ranging  in  size  from  ruts  big  enough  for  a  cart-wheel 

to  ran  in,  down  to  scratches  as  flne  as  tiie  lines  of  a  steel 

engraving.    Markings  like  these  have  a  peculiar  stamp  of 

tlittr  own,  and  no  one  who  has  once  seen  such  can  ever 

bil  to  recognise  them  again.    As  far  as  we  know  the  like 

*i«  made  by  no  ag^nt  but  moving  ice. 

Whenever  then  we  find  a  deposit  containing  far-travelled 
l^ocks  of  large  size  and  but  uttle  rounded,  the  materials 
^  which  are  heaped  together  in  a  confused  way  without 
'^Bgard  to  size  or  weijo^ht ;  which  shows  no  bedded  structure 
or  qqIj  rude  .traces  of  bedding ;  and  which  contains  poHshed 
^  scratched  stones,  or  stones  that  retain  traces  of  former 
polishing  and  scratching ;  we  may  safely  conclude  that  ice 
hte  been  concerned  in  the  formation  of  that  deposit,  even 
l^iOQgh  the  country  in  which  it  occurs  cannot  now  nourish 
^ge  masses  of  ice. 

iwmm  of  Olaoial  Deposita. — Deposits  formed  by  the 
*<!ti(m  of  ice  are  called  Glacial,  and  may  be  considered 
^^^Aer  the  following  heads :  Till ;  Moraines ;  Glacial  Mud ; 
^diiqueoiifl  accumulations  containing  the  droppings  of 
^bcnrgs  or  an  Ice  Foot,  which  may  be  distinguished  as 
dodder' Clays*;  Erratics ;  and  deposits  formed  by  the  re- 
^mgenkent  under  water  of  any  of  the  preceding  forms, 
^^toirn  as  Bearrang^  or  Modified  Glacial  Beds.  Each 
^  these  forms  has  certain  peculiari^es  of  its  own  which 
^Ue  us  to  disting^uish  it  ^m  the  others  of  its  class. 

*  Thii    term    ii    often   nned      restricted  to  the  meaning  anigned 
2]*^  for  any  form  of  glacial      to  it  in  the  text. 
*P">t   It  maj  be  conveniently 
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Till. — Till  IB  a  deposit  of  excesaivel;  tough  dense  dt 
stuck  BM  full  Bs  it  can  bold  of  stones  of  all  sizes,  which  ■ 
not  arranged  in  any  order,  but  look  a^  if  they  bad  ht 
forcibly  rammed  iu  anybow,  and  are  mixed  hig  and  lit 
indiaumninately  together.  Where  it  baa  to  be  cut  tbi>ou( 
it  is  more  difficult  to  master  than  tho  hardest  rock ;  it  • 
be  neitlier  broken  nor  blasted,  and  has  to  be  laborioo) 
worked  away  by  spade  and  mattock.  Every  navry,  ni 
has  to  deal  with  it,  soon  leams  to  recoguise  its  formida] 
nature,  and  becomes  as  good  a  judge  of  what  ought  toi 
callod  Till  as  the  most  aix'ompliabed  geologist.  The  stoi 
are  many  of  tbem  angular  or  bave  their  edges  and  axtg 
slightly  blunted,  and  a  very  large  proportion  of  them  a£ 
ice-scrati/hing  and  polisbing.  The  materials  of  which  3 
ia  composed  are  very  largely  derived  from  the  rock  ' 
which  it  rests  or  from  rocks  in  its  immediate  neighbo) 
hood ;  thus  the  Till  of  a  country  composed  of  dark  claj 
rocks  will  be  durk  in  ixilour  and  very  stiff;  uhere  1 
underhiiig  bods  are  of  red  sandstone,  the  Till  will 
xeddiah  and  lighter  in  charaot«r,  owing  to  an  admixtuze 
sand. 

Wbererer  Till  is  found  there  is  always  independt 
proof  that  the  country  haa  been  covered  by  a  sheet 
continental  ice.  We  bave  already  seen  that  under  aud 
sheet  there  is  probably  fonned  an  accumulation  of  clay  a 
atones  known  as  Uoraine  Frofonde  or  (irundmorane,  a 
Till  resembles  exactly  what  we  picture  to  ourselvee  ti 
thie  deposit  must  be  like.  There  would  be  weight  anon 
above  to  give  rise  to  the  intense  toughness  and  the  di 
and  irregiilaT  packing  of  the  stones,  and  the  scratching'  a 
polishing  would  be  produced  as  the  mass  was  pusi 
hither  and  thither  by  the  flow  ,of  the  ice.  6ucb  an  i 
planation  accords  also  well  with  the  local  character  of  Ti 

Henc«,  though  the  existence  of  the  Moraine  Profondi 
to  a  certain  extent  hypothetical,  the  probability  that  ei 
an  qpcumulation  is  formed  beneath  Large  ice-^eeta  ia 
great,  and  its  character,  if  it  exist,  must  be  so  exactly  tl 
of  Till,  that  nearly  all  geologists  are  now  agreed  to  k 
upon  tbe  latter  as  having  been  formed  by  the  grindi 
and  wearing  away  by  an  ice-aheet  of  the  ground  on  wli 
itreated. 

Another  explanation  of  the  origin  of  Till  has  lately  1m 
propounded  by  Mr.  Goodchild  (Quart.  Jour.  Geol.Soc,  xx 
75 — 98).  He  thinks  that  the  materials  of  which  Qiax 
Deposits  are  oompoeed  were  originally  embeddod  in  i 
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ioe-diMt,  and  {hat  wlien  the  ioe  melted  its  oontents  were 
gfBdaaUjBet  free ;  some  were  merely  dropped,  others  more 
or  lesB  scxrted  and  arranged  by  streams  running  below  the 
ioe  ;  and  in  this  way  he  suggests  many,  if  not  all,  of  the 
nurioiis  forms  of  Glacial  Deposits  may  have  been  produced 
W^the  one  single  operation  of  the  melting  of  the  ice. 
Whether  we  agree  or  not  with  Mr.  GkxKichild's  conclusions, 
lus  paper  will  probably  lead  us  to  think  that  the  explana- 
tion of  the  origin  of  Glacial  Deposits  is  not  altogether  so 
■imple  a  matter  as  some  people  have  supposed,  and  that 
there  are  many  points  connected  with  the  subject  that  still 
want  clearing  up. 

Though  one  of  the  distinguishing  characteristics  of  Till 

18  the  prepondiarance  of  fttones  belonging  to  the  immediate 

neighbourhood  where  it  occurs,  the  reader  must  not  sup- 

nose  that  fragments  of  rock  which  have  come  from  distant 

localities  are  altogether  wanting  in  it.    It  is  by  no  means 

uncommon  to  meet  with  far-travelled  stones  in  Till,  but,  as 

a  nde,  they  form  only  a  minority  of  its  contents.     Further, 

these  strangers  are  frequently  foimd  at  much  higher  leyels 

than  the  rock  from  which  they  were  broken  off.     For 

instance,  the  Till  of  the  Yale  of  Eden  contains,  besides  the 

locks  of  the  valley  itself,  many  that  have  come  from  the 

Lake  country,  and  even  a  sensible  proportion  of  stones 

that  have  travelled  from  the  opposite  coast  of  Scotland ; 

ttd  these  foreign  materials,  with  others  that  have  come  from 

the  low  parts  of  the  valley,  can  be  traced  up  to  the  summit 

of  the  pass  of  Stainmoor.*    Both  the  presence  of  stones 

inm  a  distance  and  the  elevation  at  which  they  occur  are 

^j  accounted  for.     The  fathering  groimd,  from  which 

Ae  ioe-sheet  that  produced  the  Till  started,  was  a  long  way 

off,  and  on  its  journey  the  ioe  picked  up  samples  of  the 

^erent  kinds  of  rocks  it  passea  over ;  tnese  travelled  on 

^  the  ioe,  carried  on  its  surface  or  frozen  into  its  mass, 

•>»d  were  dropped  wherever  they  were  set  free  by  melting 

or  any  other  cause.    Again,  ice-sheets  we  know  in«many 

<|iie8  pursue  their  course  with  but  little  regard  to  the 

4ape  of  the  ground,  are  driven  across  valleys,  and  forced 

^  me  slopes  of  hiUs,  and  in  this  way  it  frequently  happens 

^^  the  stones  and  boulders  they  carry  are  stranded  at 

^Qts  very  much  higher  above  the  sea  level  than  the  source 

^^  which  they  were  derived. 

I. — Moraines  resemble  Till  in  consisting  of  a 


Goodchild,  Qnort.  Jour.  Geol.      Tnmsactioiui  G«oL  Soc.,  Glasgow, 
66,  67  ;   J.  Oeikie,      iv.  236. 
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conf  uflod  maas  of  Btones  and  earth  :  tbe  whole  is  jimi 
together  in  a  pell-mell  way  without  regard  to  size,  afc 
or  weight,  Bomewhat  in  the  same  vay  as  the  hett[ 
rubbish  "  tipped  "  to  form  a  railway  embankment. 
main  points  of  difference  are  these.  In  a  Moraine 
(Treat  mass  of  stones  have  ridden  on  the  top  of  the 
and  hence,  though  they  will  he  mostly  subangular, 
few  will  be  pohshed  or  scratched.  Moraine  matto 
having  been  merely  shot  ou  to  or  over  the  end  of  a  gU 
and  not  jireased  down  by  the  weight  of  the  ite,  wii* 
possess  the  chara^eristic  denseness  of  Till.  The  eit> 
tihape  of  Moraines  is  also  peculiar  r  they  form  moi 
nmtnged  in  Ions  lines  along  tht^milra  of  a  valley  it 
Uoraine  be  longitudinal,  or  strett^vig  in  horsoshoe-ah 
courses  across  a  valley,  if  it  be  terminal 

Both  Till  and  Moraines  agroe  in  being  perfectly  nnE 
fied,  and  differ  ia  tJiis  respeit  from  the  other  forms  o 
deposit. 

Olaoial  Xnd. — From  beneath  every  sheet  of  ioe  1 
issue  streams  of  water  loaded  with  an  impalpable  : 
the  finer  part  of  the  matter  ground  by  the  ice  fron 
rock  over  which  it  moves.  When  this  sediment  is  th 
down  beneath  still  water,  it  forms  silty  and  clayey  dej 
of  unusual  fineness.  The  water  into  which  glacial  atr 
flow  is  too  much  chilled  to  allow  of  any  but  Hnim*l> 
can  bear  cold  existing  in  it,  and  hence  the  fossila 
occur  in  these  clays  are  northern  forms.  Occasionall 
floating  ice  will  drop  angular  stones  and  boulders  ai 
the  fine  silt.  A  deposit  then  of  very  fine  mud,  conta: 
the  remains  of  animals  that  inhabit  northern  waten 
angular  blocks  of  rock,  may  safely  be  set  down  as  lu 
'been  formed  out  of  sediment  deposited  by  streama 
charged  from  beneath  a  sheet  of  ice, 

BonldsT  Clayv. — Under  this  head  we  may  in' 
deposits  formed  beneath  water,  partly  out  of  sedi 
held  in  suspension,  and  partly  out  of  the  dropping 
floating  ice.  Such  accumulations  will  be  more  or 
bedded,  hut  they  may  be  distinguished  from  those  stra 
deposits,  in  whose  formation  ice  had  no  share,  by  the 
angular  travelled  blocks  which  are  embedded  here 
there  in  them.  The  beds  of  these  deposits  are  ofton 
and  twisted  into  very  complicated  curves.  This  i 
seems  to  have  been  produced  partly  by  the  strandii 
icebergs,  which,  after  they  had  run  aground  and  plou 
into  the  bottom,  were  driven  on  by  currents ;  partly  b; 
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rFwWrng  of  mMses  of  uw  buried  in  the  middle  of  a  bodj  of 
B<TOldieT  Qaj,  b;  which  thd  beds  abore  were  deprived  of 
nrppart  and  caused  to  sink  down  into  the  caTitj  produced 
by  Uie  remoral  of  the  ice-block. 

ScTfttioa  and  Pazelisd  Blocks. — We  next  come  to 
those  lai^  blocks,  often  met  with  lying  on  the  stirf ace,  which 
»« lotowa  aa  Err^iet  or  Wandered  Stont*.*  When  we  can 
determine  br  any  peculiarity  in  the  rock  the  locality  from 
vluch  tbey  have  come,  these  Erratics  are  often  found  to 
l^«Te  traToUed  far  from  their  home,  and  in  spite  of  their 
long  jouzney  to  be  angular  or  only  very  slightly  rounded. 
This  cinnuoatanoe,  leaving  out  of  conBideration  their  great 
uxe,  makes  it  impoesible  that  they  can  liave  been  brought 


Fig.  28,— Pbuchbd  Bu.ce. 


Jy  water,  and  ice  is  the  only  agent  that  could  have  carried 
2«i.  Some  of  them  have  been  dropped  from  icebergs 
'wn  the  ground  where  they  occur  waa  beneath  water : 
•WW  havo  been  carried  on  the  back  of  an  ice-shoet,  and 
*«nded  vhen  the  ice  melted  away,  'the  latter  are  aome- 
"tas  found  in  positions  in  which  it  seems  at  first  sight 
Wo  hnpoasible  that  they  could  have  come  by  natural 
*«M,  delicately  poised  on  their  smaller  end,  or  balanced 
*uio  top  of  some  projecting  crag:  these  are  called 
'«W  .fftoeif .  They  have  been  gently  let  down  into  their 
P"«*  rtrange  poeitions  by  the  gradual  melting  away  of 
""cebraeaUitEem.  Fig.  26  shows  a  Perched  Block  rest- 
"g  «  »  surface  of  rock  that  hae  been  smoothed  by  ice. 
*  Tba  Gemwni  dll  them  Fanndlingn  (FiniUinge). 
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Bearraaged  Glacial  Beds. — All  the  preceding  {ansa 
of  gladul  deposits  are  liable  to  be  worked  up  and  carried, 
uwaj  by  denudation,  and  either  considerably  modified  (A 
the  Bpot,  or  carried  off  and  redcposit^d  elsewhere.  E^ 
suclt  means,  specially  if  they  ore  transported  to  any  diM 
tance,  glacial  formations  loae  much  of  their  distinctifV 
fliRraott^r.  The  angular  stones  become  rounded,  the  laxgi 
boulders  are  broken  up,  and  the  ecmtchings  and  polishlniH 
are  worn  off.  But  tlie  peculiarities  we  rely  upon  ae  in£ 
<'iiting  a  gladal  origin  are  not  always  completely  wiped  oidj 
indistinct  traces  of  ice-scratchinga  for  instance  oft«a  surri^ 
a  good  deal  of  wear  and  tear.  By  attending  to  such  pcamfl 
wo  can  often  determine  that  a  deposit,  though  it  may  hs^ 
pnssed  through  various   changes  before   it   assumed  it^ 

tirest'ut  form,  ivos  originally  derived  from  a  mass  of  iotk 
omied  debris. 
Books    and    Deposits    of   Olacial   Origin. — Then 

I'iiilv.  1ml  young  cunipin-iil  wirli  tli.'  )ii,is-i  i^i'  ilit-  rocks  at 
the  earth's  crust,  in  whose  formation  ice  has  been  in  <ms 
way  or  another  concerned.  Till  occurs  abundantly  in 
North  Britain,  Scandinavia,  North  America,  and  many 
other  districts,  and  shows  that  these  countries  were  once 
buried  under  sheets  of  continental  ice.  The  Moraines  <A 
vanished  glaciers  are  plentiful  in  many  hilly  and  mountain- 
ous districts  from  which  all  trac«e  of  snow  are  now  cleared 
off  every  summer ;  and  even  in  those  regions,  like  the 
Alps,  wnich  still  nourish  perpetual  snow,  there  are  Uo- 
rainea  which  show  that  the  glaciers  were  formerly  far  largra 
than  now.  Associated  with  these  indications  of  a  foram 
severity  of  climate  are  subaqueous  Boulder  Clays  and 
deposits  of  Glacial  mud. 

It  is  evident  that  all  gladal  formations  are  somewhat 
restricted  in  extent,  and  tiaat  the  terrestrial  forma  are  veiy 
likt'ly  to  be  carried  away  by  denudation,  and  we  should 
not  Uierefore  espect  to  find  veiy  abundant  traces  of  them 
among  the  older  portions  of  the  earth's  crust.  Even  here 
however  there  are  Conglomerates  and  Breccias  which  then 
is  eveiy  reason  to  look  upon  as  consolidated  Tills  oi 
Boulder  Clays,  on  account  of  the  dose  resemblance  they 
bear  to  these  deposits. 
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SECTION  VI.— HOW   SEDIMENT    IS    COMPACTED   INTO 

ROCK. 

80  far  we  have  found  a  most  perfect  agreement,  both  in 
Vroad  general  character  and  in  the  minuter  details  of  struc- 
tuTOi  Detween  the  deposits  now  forming  by  the  action  of 
dfisnidation  beneath  water  or  on  dry  land,  and  certain  of 
the  rocks  of  the  earth's  crust.  All  the  principal  kinds  of 
the  deposits  that  are  now  forming  have  been  passed  in 
leiiew,  and  to  every  one  we  have  been  able  to  find  a 
P>nllel  in  the  class  of  rocks.  In  one  respect  however  the 
two  classes  will  usually  be  found  to  differ.  Modem  depo- 
sit are  mostly  loose  and  incoherent,  and  rocks  as  a  rule  haid 
*nd  compact  To  this  statement  there  are  many  exceptions, 
but  still  it  is  true  in  so  large  a  number  of  cases,  that  wo 
most,  if  wo  would  make  good  the  original  identity  of  rock 
And  sediment,  explain  how  the  latter  can  be  compacted  into 
the  former.  Any  little  difficulty,  that  this  seeming  want  of 
•gwement  may  at  first  sight  cause,  will  vanish,  if  we  reflect 
wat,  if  rocks  were  formed  in  the  way  suggested,  their 
formation  took  place  long  ago,  in  many  cases  very,  very 
^  ago  indeed,  and  if  we  turn  over  in  our  minds  all  that 
^  happened  to  them  since  that  date.  The  following  are 
sovne  of  the  principal  causes  that  have  had  a  share  in  the 
ooDversion  of  loose  sediment  into  hard  rock. 

Ifmght  of  Orerljriiig  ICasBes. — In  the  first  place 
vhen  layers  of  sediment  have  been  placed  one  on  the  top 
of  another  till  the  pile  reaches  a  great  thickness,  the  mere 
vei^t  of  the  mass  must  compress  and  harden  the  lower 
portion.  It  is  this  lower  part  we  see  now,  for  the  upper 
u^  have  been  removed  by  denudation.  This  cause  alone 
would  account  in  many  cases  for  the  solidification  necessary 
to  convert  sediment  into  rock. 

I^positioii  of  Cement. — ^Masses  of  loose  sediment  are 
tlio  traversed  by  percolating  water,  which  holds  in  solu- 
^  substances  such  as  Carbonate  of  Lime  or  Silica.  These 
&8dved  matters  wrill,  if  dei)08ited  by  evaporation  or  any 
<)^  means,  act  as  a  cement  and  bind  the  loose  particles 
together. 
^^rmifrml   Seactioiui. — Chemical  reactions  too  go  on 

uoMmg  the  constituents  of  sediment,  and  produce  solioifica- 

twtt.   It  is  possible  for  instance  that  some  soft  deposits 

^y  on  drying,  **  set,"  like  mortar  or  plaster  of  Paris. 
UttnuJ  Heat. — We  shall  learn  by-and-by  that  the 

Ulterior  of  the  earth  is  very  hot,  and  we  have  already  seen 
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that  in  many  caaee  during  the  deposition  at  eediment  thi 
maas  must  nave  gtmti  on  sinkings  deeper  and  deeper  inh 
the  nx>und.  In  this  way  it  may  be  brought  within  the  rangi 
of  this  internal  heat,  and  bahed.  The  same  process  mas 
go  on  in  the  neighbourhood  of  actiTe  volcanoes,  though  ii 
this  ease  the  effect  will  probably  bo  local.  Thia  eolidifyin; 
cause  irill  be  more  fully  considered  under  the  head  o 
Metamorjihism. 

n^ssOTfl. — But  perbape  the  most  important  agt?nt  in  thi 
consolidation  of  sediment  into  rock  ie  one  whose  action  wi 
can  only  partly  eiplain  hero.  It  will  be  ehown  by-and-bj 
that  beds  of  mechanically  formed  Tock  are  seldom  founc 
in  the  horizontal  position  in  which  they  were  originally 
deposited.  They  have  been  tilted  so  as  to  lie  at  all  aaglei 
with  the  horizon,  and,  what  it  more  especially  behorcs  m 
to  notice  in  connection  with  our  preeent  sul^ect,  they  havi 
often  been  bent  and  folded  into  the  most  comjibeuted  curves.* 
A  i-hiiii;,-,.  in  position  Uke  the  kll.Tcau  ei-i.I,-.iillyliavob.*ii 
brought  about  by  nothing  but  forcible  lateral  pressure;  and 
we  shall  aUo  see,  when  ve  come  to  consider  these  dis- 
turbances more  fuUy,  that,  at  the  time  when  it  was  pro- 
duced, the  beds  were  not  at  the  surface,  as  we  see  them 
now,  but  were  loaded  above  by  the  weight  of  a  great  thick- 
ness of  overlying  rock,  which  has  since  been  removed  by 
denudation.  Now  it  is  just  these  powerfully  folded  beds, 
which  have  been  not  only  subjected  to  intense  lateral 
compression,  but  also  pressed  forcibly  from  above,  that 
are  the  most  intensely  hardened.  In  Bussiaf  and  North 
America  there  are  rocks  of  great  antiquity,  which  are  so 
little  changed  from  the  condition  in  which  they  were  origi- 
nally laid  down,  that  a  veiy  slight  amount  of  weathorine 
ia  enough  to  reduce  them  to  their  pristine  state  of  ma£ 
and  which  are  hence  called  "  mud  stones."  £iU  thtM  rods* 
A«M  i#M  »care*ljf  ditttttbtii  at  all  from  tk»  ioraonlal  pontion  in 
wAiVA  fAry  wtr*  formed.  On  the  other  hand  there  are  beds, 
in  the  Alps  for  instance,  inuneaautably  younger,  which 
have  been  solidified  and  even  rendered  crystalline  to  suoh 
a  degree,  that  they  were  for  a  long  time  assumed,  in  virtue 
of  their  intensely  hardened  state,  to  be  of  very  remote 
date.     Biri  IMm*  tvci*  ar»  invaritiily  violtntly  eoiUorUd. 

Wo  may  therefore  lay  it  down  as  a  broad  general  truth, 
that  pressure  and  consolidation  go  together  ;    and  that 

•  8ee  Chapter  ix. 

t  Uunia  and  tha  Vni  Mauatun*  (Sir  R.  I.  UaichiKio},  {.  73. 
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Y^Qte  there  is  an  absence  of  consolidation,  there  has  been 

^^  an  absence  of  pressure.  Hence  pressure  must  be  looked 

ppon  as  one  of  the  most  important  agents,  perhaps  the  most 

^Portanty  in  the  conversion  of  loose  sediment  into  firm 

rock. 

It  is  also  possible  that  pressure,  when  it  could  effect  no 
further  mechanical  compression  or  change  of  position  in  a 
rock,  may  have  appeared  as  heat,  and  so  helped  on  the  work 
of  consolidation. 

^  These  agencies  are  fully  competent  to  effect  the  conver- 

noQ  of  loose  sediment  into  ffrm  rock,  and  any  sediments 

that  were  formed  at  bygone  periods  of  the  earth's  history 

must  haye  been  subjected  to  the  action  of  one  or  more  of 

them.     The  only  hitch  in  our  line  of  reasoning  has. now 

heen  removed,  and  the  conclusion  is  ii  resistible  that  the 

Idiei  rocks  of  the  eartKa  crust  were  once  of  the  sane  nature 

ni  origin  as  these  modem  deposits,  which  they  resemble  in  every 

r(9p9ct,  except  occasionally  that  of  hardness. 

We  may  safely  lay  it  down  as  a  general  rule,  that,  in  a 
number  of  rocks  having  the  same  mineral  composition,  the 
oldest  will  probably  be  the  most  solidified;  because,  tlie 
older  a  rock  is,  the  greater  chance  will  it  have  had  of  having 
been  subjected  oftener  and  for  a  longer  time  to  pressure 
and  other  consolidating  influences.  But  exceptional  cases, 
like  the  two  mentioned  a  little  way  back,  are  numerous 
enoQgh  of  rocks,  on  which  time  and  its  accidents  have 
wwraght  scarcely  any  change  whatever,  and  which  now 
rtand  before  us  very  nearly  as  they  were  spread  out  on  the 
ol  the  ocean  untold  ages  ago. 


SECTION  Vn.— SOME  STRTJCTURES  IMPRESSED  ON  ROCKS 
AFTER  THEIR  FORMATION.* 

Besides  the  different  kinds  of  bedding,  which  are  a 
JittJessary  consequence  of  the  way  in  which  the  stratified 
'ockswere  formed,  there  are  other  peculiarities  of  struc- 
tpe,  which  have  been  produced  in  rocks  since  their  forma- 
"on.  Three  of  these.  Cleavage,  Jointing,  and  Concretions 
<!«n  he  understood  by  any  one  who  has  mastered  the  con- 
^*ttt8  of  the  preceding  part  of  this  book,  and  may  therefore 
^  conreniently  treated  of  here.     Others  of  the  structures 

.  *  In  connection  with  the  suh-  tare  of  large   Mineral   Masses,** 

)^  of  this  section,  the  student  Transactions  Geo!.  Soc.    London, 

J5  do  well  to  study  Professor  2nd  series,  iii.  461. 
^•'Wck's  paper, "  On  the  Struc- 
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imprefiBod  on  rocka  subsequently  to  tlieir  fonaation  will  !>e 
esplaiued  further  on- 

Btructural  peculiarities  of  this  class  are  not  confined  to 
aaj  ouo  class  of  rocks,  but  ore  found  in  the  etratified  and 
unstratified  alike. 

ClsaTage. — We  will  begin  with  Oeavage,  because  the 
cause  to  which  it  is  due  is  that  Pressure  which  we  have 
just  been  talking  about  ae  one  of  the  agents  that  have 
hardened  rocks. 

In  most  cases  biHlded  lotiks  split  readily  along  the  planes 
of  bedding :  but  instances  are  not  unconuuon  of  rocks,  which 


Fig.  ar. 


are  evidently  bedded,  but  which  cannot  be  induced  by  any 
means  to  part  along  the  plauee  of  bedding,  while  they  split 
readUr  along  a  number  of  other  planes,  which  are  often 
smooth,  regular,  and  close  together,  so  that  the  rock  can 
be  broken  up  almost  without  limit  into  thin  plates  or 
laminee.  Boofing  Slate  furnishes  the  best  possible  in- 
stance,  and  one  which  any  one  may  verify  for  himself. 

This  structure  is  called  Cleavage,  and  the  planes  of  divisicm 
Planet  of  CUavagt. 

Fiff-  27  is  a  representation  of  a  bit  of  cleaved  rock. 
The  Dands  of   dinerent  shade  and  pattern  are  layers  of 
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it  colour,  hardnesa,  and  mineral  compcnition ;  and 
ie  reeemblancB  which  these  show,  when  the  mass  of 
ik  is  etadied,  to  layers  of  stratification,  leaves  no 
m  the  mind  that  these  are  the  layers  in  wMch  the 
ras  originally  deposited.  We  can  however  no 
separate  theee  layers  from  one  another,  they  are 
welded  together.*  But  a  set  of  fine  lines  are  seen 
g  the  face  of  the  block;  these  are  the  edeos  of 
of  cleayage,  and  along  them  the  rock  sphts  up 
into  thin  plates,  one  of  which  is  shown  in  the 

labours  of  several  observers  have  given  a  satisfoctoiy 

ation  of  the  orinn  of  cleavage.     It  was  noticed  that 

in  cleaved  rocks  were  distorted  from  their  natural 

shape,     and    that    the 

i'"l  distortion  did  not  take 

place  at  random,  but 
^^^^^^^^  always  in  the  follow- 
^^H^^^H  ing  manner:  the*/  utert 
^HH^HH  tjueeied^t perpendicular 
^^^^^^B  lo  the  planes  of  cUavage, 
^^^^^^B  and  spread  out  along  those 
^^^^^1  planee.  In  Fig.  28  a, 
^^^^^■'  for  instance,  we  have 
S.— SscTioH  or  Eon  bimbi  a  section  of  a  limestone 
AXB  ArriB  CLaAVAOi.  containing  stems  of  on- 

crinites,  which  are  cyMn- 
id  show  their  normal  circular  section;  Fig.282Bhows 
la  of  a  similar  limestone,  which  has  been  cleaved ; 
B  stems  axe  flattened,  and  the  sections  of  them  are 
1  with  their  longer  axes  parallel  to  the  planes  of 
^.  A  microscopical  examination  of  thin  sections  of 
.  Ttx^  shows  that  the  minute  particles  of  the  rock 
tened  in  a  similar  manner. 

0  observations  showed  that  cleaved  rocht  had  leen  com- 
m  »  direction  perpendicvlar  to  the  planes  of  cleavage;  but 

1  not  prove  that  pressure  was  the  cause  of  cleavage, 
final  step  in  the  argument  was  supplied  by  Mr. 
and  afterwards  by  Prof.  Tyndall,  t>oth  of  whom 

3d  cleavage  artificially  in  sundry  substances  by  sub- 
tliem  to  pressure,  and   found  that  the  cleavage 

I,  though  verygeDerally,  See  Jakes,  Beport  On  the  Oeo- 

iveiullf  the  ciue  :  some  logical  Surrey  of  Newfonudluid, 

locki  may  atill  be  split  p.  7fi. 
leir  planea  of   bedding. 
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planes  were  always  perpendicular  to  the  direction  of  th« 

preeBure.     Every  eieip  in  the 

argument  was  now  complete, 

and  no  doubt  remained  that 

a  cause  nf  tUavagf  icat  prmvr» 

attiitff   at   right    antfltt    to   itt 

No  other  moans  of  pro- 
ducing deavaee  has  yet  Leen 
liit  upon,  and  therefore  we 
refer  all  cleavag-e  to  this 
cause.* 

A  etiidy  of  cleavage  on  a 
large  scale  confirms  this  con- 
olueion.  Cleavage  always 
goes  along  with  that  heed- 
ing, folding,  and  puckering 
up  of  the  rocks,  whioh  has 
been  already  mentioned ;  and 
it  is  found  that  tha  dirietion  of 
the  planet  of  cleavage  U  alwayn 
parallel  to  the  axee  of  the  large 
faldt  into  tchich  the  rofhi  hare 
iw»  ihrotcm. 

Fig.  29  ia  a  bird's-eye  view 
of  a  country  of  contorted  snc! 
cleaved  rock  terminated  by  a 
cliff  in  the  foreground ;  on  the 
face  of  the  latter  wo  see  both 
the  folds  of  the  rocks  and 
also  the  edges  of  the  pianee 
of  deavagp,  whirh  are  de- 
noted by  the  fine  vertical 
linea.  The  trend  of  the  cleav- 
age planes  ia  shown  across 
the  country  by  cnntinuationa 
of  these  lines,  and  the  direc- 
tions of  the  axes  of  the  folds 
hy  the  range  of  tiio  several 
beda  as  they  come  one  by  one 

•  Wa  miiat  not  howovsr  low 
Bight  of  the  poaaibilit}'  of  gtilvsiuo 
cuirents  caiuing  a  laminated 
strncture.  See  the  eiperimeDti 
of  Ml.  R.  W,  Fox  Rtid  BIr.  T.  1 
Jordan,   liepoHs   of   the    Hoyal 
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Saee:  and  these  two  directions  have  the  same 

preflsure  that  produced  the  folding  must  have 
mdioular  to  the  axes  of  the  folds,  m  the  direc- 

bj  the  arrows  at  each  side  of  the  diagram :  and 
1X68  of  the  folds  and  the  cleavage  planes  ran 
one  another,  this  is  the  same  thing  as  saying 
Mivag^  planes  are  perpendicular  to  the  pressure, 
iG  bendmg  of  the  rocks  shows  them  to  have  been 

?age  planes  are  smoother,  truer,  more  regular, 
togeuier  in  finely  grained  homogeneous  rocks 
me  of  coarse  composition.  Thus  in  Fig.  27  the 
18  are  coarse  and  sandy,  the  tinted  beds  fine 
cleavage  planes  when  they  enter  the  former 
regular,  are  sometimes  deflected  a  little,  and 
lost  altogether,  as  in  the  very  coarse  bed  at  the 

lent  must  not  confound  the  cleavage  of  rocks 
I  crystals.  The  two  have  points  of  resemblance, 
» that  it  was  once  conjectured  they  might  be  due 
iG  cause.  But  they  are  essentially  different,  the 
a  result  of  mechanical,  the  other  of  molecular 

§g — Some  rocks,  which  go  by  the  name  of  Free- 
i  Be  cat  with  equal  ease  in  all  directions  perpen- 
ibeb  planes  of  bedding ;  and  some  of  these  are 


kVAge,  see  Sedgwick, 
Ghx>l.  Soo.  of  LondoD, 
h  iii.  p.479 ;  Bogers, 
of  the  Royal  Soc.  of 
czi.  447  ;  Baur,  Kars- 
^edhens,  Archiv,  xx. 
t,  Beports  of  British 
1843,  p.  60;    1857, 
win,  Geological  Oh- 
m    South    America, 
Bogers,    Edinhurgh 
Jonmal,  vol.  xxxiii. 
upe,  Quart.  Joum. 
f  Ix)ndon,  vol.  iii.  p. 
).  Ill;  Phil.  Trana- 
clxii.  p.  445  ;  Hop- 
ridge    Fhil.    Trans- 
466;   Sorhy,  Edin- 
Phil.  Joum.  vol.  Iv. 
iL  Mag.  4th  series, 
20,  vol.  xii.  p.  127  ; 


Tyndall,  Phil.  Mag.,  4th  series, 
vol.  xii.  p.  35  and  129  ;  Haughton, 
ditto,  p.  409 ;  D.  Forhes,  Popular 
Science  Beview,  1870,  p.  8.  It 
will  he  seen  hy  reference  to  the 
ahove  papers  that  the  steps  by 
which  a  Knowledge  of  the  cause 
of  cleavage  was  arrived  at  were 
as  follows  : — First,  the  discovery 
of  the  parallelism  between  the 
strike  of  the  beds  and  that  of  the 
cleavage  planes;  secondly,  the 
observation  of  the  flattening  of 
fossils  and  particles  perpendicular 
to  the  cleavage  pbmes;  thirdly, 
the  artificial  production  of  cleav- 
age. The  arrangement  in  the 
text  has  been  adopted  because  it 
seemed  to  bring  out  the  logical 
steps  in  the  train  of  reasoning 
better  than  the  order  of  discovery. 
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M  v&lnable,  that  it  is  desirable  in  working  them  to  extract 
the  bloeb  as  Dear  as  may  be  of  the  size  and  ah^ke  aa 
win  be  wanted,  and  so  save  loes  in  dreaain^.  Id  this  case 
the  quaiTTiBaD  cuU  oat  the  pattern  of  his  stone  by  picking 
out  a  shallow  gnwra  on  a  plane  of  bt-dding;    into  this 

nve  he  inserts  short  thick  wedges,  and  by  driving  these 
1  producoe  cracks,  porpendicuW  lo  the  planes  of  bed- 
ding, by  which  the  block  is  detached.  But  if  the  only 
objei't  is  to  got  Btono  out,  without  being  particular  as  to 
the  size  and  shape  of  the  blocks,  all  this  trouble  may  be 
saved,  for  nature. has  in  most  CAses  provided  cracks  ready 
to  hand  of  exactly  a  similar  kind. 

These  planes  of  division,  which  are  found  in  oil  rocks 


llg.  30.— QuAUT  iH  JoiHTiD  Bock. 


that  have  been  to  any  extent  ooneolidated,  are  known  as 
"jomtt."  By  means  of  them,  and  the  planes  of  bedding  if 
the  lock  be  bedded,  it  is  cut  up  into  ready-made  bloi^B, 
whoee  size  and  shape  depend  on  the  arrangement  of  the 
bedding  and  joint-planes.  Joints  are  noticeable  in  quar- 
riee,  because  in  most  cases  the  stone  is  worked  off  along 
theee  natural  cracks,  and  they  come  to  form  the  walla  m 
the  excavation  ;  they  also  often  form  the  faces  of  natural 
enure,  cliffs,  and  predpicee. 

fig.  SO  shows  a  quarry  where  the  jointe  are  very  regular 
and  conspicuous.  The  nearly  horizontal  lines  are  the  edgee 
of  the  planes  of  bedding.  The  faces,  on  which  the  light 
fnllfl,  are  made  by  a  set  of  joints  nearly  paraUel  to  another, 
whidi  travorae  the  body  of  the  rock  wiut  great  anifonnitj 
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^  trend ;  anotlier  set  of  joints,  also  regular  and  parallel  to 


-^  other,  bat  at  right  angles  to  the  first  set,  form  the 
f^^oeg  in  shadow. 

J<nnting  of  this  regular  character  is  mostly  found  in 
^<fc»d  rocks  of  homogeneous  composition,  such  as  Limestones 
^^^d  thickly  bedded  Sandstones.  There  are  in  such  cases 
tx^uaDj  two  sets,  the  joints  of  each  being  roughly  parallel 
^>  one  another,  and  me  bearing  of  one  set  is  generally  not 
from  perpendicular  to  that  of  the  other  set.  As  a  rule 
set  is  characterised  by  greater  regularity  of  direction, 
by  its  joints  being  continuous  for  longer  distances,  than 
^1^«  odier  set.  The  more  regular  set  generally,  in  the  case 
o^  bedded  rocks,  ranges  parallel  to  the  stnke  and  the  other 
®^&t  to  the  dip*  of  the  beds. 

Joints,  which  keep  the  same  direction  for  long  distances 
^^<xd  run  through  a  great  thickness  of  beds,  are  called 
**  IMaster  Joints.^' 

But  in  many  cases  joints  show  no  such  symmetrical 

^^xrrangement  as  that  just  described.     They  cross  each  other 

^^  all  directions,  change  their  bearing,  and  instead  of  run- 

XLing  through  a  great  thickness  of  beds,  are  confined  to  one 

l>ed,  or  change  their  inclination  and  direction  in  passing 

^tan  bed  to  bed.    We  also  find  frequently  joints  running 

^ii>  more  than  two  directions,  which  cut  up  the  rock  into 

priBiiuitio  masses  having  a  trian&^ular  or  polygonal  section : 

>t  IB  by  joints  of  this  c£iracter  mat  the  str^ing  colimmar 

stmctore  of  Basalt  is  produced.    The  instances  of  the 

Oiaat  Gauseway  and  StalPa  are  familiar  to  ever^'body.    But 

We  shall  return  to  this  in  Chapter  YI. 

The  faces  of  most  joints  are  approximately  plane,  but 
We  oocasionally  find  jomts  with  curved  faces,  giving  rise  to 
Qiasses  of  rock  with  an  outline  like  that  of  mo  side  of  a 
skm. 

Jointed  structure  is  shown  perhaps  nowhere  so  distinctly 

^  in  some  kinds  of  Coal.     If  a  block  of  Coal  be  examined, 

it  iriU  usually  be  found  to  be  divided  into  a  number  of 

IttoinsB  by  planes  parallel  to  the  upper  and  under  surfaces 

^  the  bed :  the  bed  splits  readily  along  these  planes,  and 

^  surfaces  of  the  lamina)  are  generally  dull,  soft,  and 

•oo*y:  but  the  block  will  also  be  K»und  to  be  cut  across  by 

^  other  sets  of  pcurallel  planes  of  division,  perpendicular 

to  the  bedding,  and  roughly  perpendicular  to  one  another, 

^ihe  surfaces  of  these  planes  are  brighter  and  smoother 

^  those  of  the  laminsB.     The  planes  of  one  set  are  more 

*  For  an  explanation  of  theso  terms,  see  Chapter  ix. 
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regular,  trae,  and  perfectly  formed  tlian  those  of  the  othcx 
i^et.  In  Bome  cas^  theeo  thxe^  Bots  of  divisional  iilanes  cause 
the  bed  to  break  up  into  Htnall  cubical  blocks  of  so  regular 
a  ehape  as  to  eivo  one  the  idea  that  the  Coal  is  really  aye- 
talliswl,  Buch  Coal  ia  kuowu  tm  "Dicey  Coal."  There  is 
a  limit  howevor  beyond  which  the  subdivision  cannot  bs 
carried,  and  this  is  not  the  case  with  truly  crystallised 
Hubstauces ;  and,  though,  may  be,  it  is  not  always  possible 
to  say  where  jointing  ends  and  crystallisation  begins,  it  ia 
safer  to  look  upon  this  structure  as  jointing,  whieh  has 
been  very  completely  and  minutely  carried  out  because 
the  Coal  is  of  fairly  uniform  compositioa  throughout. 
The  more  regular  siit  of  joints  is  known  as  "the  fuce," 
"slyue,"  "cleat,"  or  "bord;"  and  the  other  set  as 
"  the  end,"  The  compass  bearing  of  the  face  often 
remains  exactly  the  same  ovcT  very  large  areas.  This 
structure  is  of  the  iitinr)st  assidfnncf  in  working  Coiil ;  the 
main  roads  or  galloriea  are,  whenever  it  is  practicable, 
driven  along  the  "bord,"  and  the  cross  cuts  which  ooimect 
them  along  the  "end,"  the  first  being  called  "bord  gates," 
the  secona  "endings:"  in  some  cases  it  is  necessary  to 
drive  acrott  the  "  face,"  but  such  an  operation  involves  an 
increase  of  labour  and  expense,  because  the  walla  of  the 
road  are  no  longer  formed  by  natural  planes  of  division, 
but  have  to  be  hewn  across  solid  Coal. 

No  very  satisfactory  enilanation  has  yet  been  given  of 
the  cause  which  produced  jointing.  In  some  cases  per- 
haps joints  are  of  the  nature  of  shrinkage  cracks,  caused 
by  the  contraction  of  the  rock  as  it  dried,  hardened,  or,  in 
the  case  where  it  consolidated  from  a  fused  state,  cooled; 
something  in  fact  like  the  cracks  seen  on  the  surface  of 
recently  dried  mud,  or  the  cracks  which  are  so  liable  to 
ruin  large  castings  in  metal. 

The  force  that  produced  jointing  must  in  some  cases 
have  been  very  considerable.  In  some  Conglonjorates 
the  hardest  pebbles  are  cut  through  by  joints,  as  neatly  as 
if  they  had  been  sliced  by  a  lapidaiy's  wheel ;  and  this 
occasionally  occurs  where  the  matrix  has  been  veiy  slightly 
consohdated.  It  can  hardly  have  been  contraction  that 
produced  these  joints,  for  the  residt  could  have  been 
brought  about  only  by  some  force  which  found  it  easier  to 
divide  a  pebble  than  to  draw  it  out  of  the  matrix.  It  is 
open  to  question  whether  divisional  plaaea  of  this  kind 
are  not  akin  to  cleavage,  and  whether  it  is  always  possible 
to  distinguish  with  certainty  between  jointing  and  cleavage. 
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There  is  also,  as  we  have  noticed  in  the  case  of  Coal, 
soDietimes  a  resemblance  between  veiy  minute  jointing 
and  tlie  deavage  of  ciystallised  substances ;  the  two  how- 
ever may  be  distinguished  in  this  way :  there  is  no  limit 
to  the  extent  to  which  cleaved  ciystals  may  be  again  and 
again  subdivided ;  however  small  for  instance  may  be  the 
mombohedron  of  Galcite  we  have  obtained  by  cleaving  a 
oyBtallised  mass  of  that  mineral,  we  can  always  break  it 
vp  into  similar  smaller  rhombohedrons,  and  we  can  carry 
(A  this  process  of  subdivision  till  the  resulting  ciystals 
cannot  be  recognised  even  by  our  most  powerful  micro- 
MopeB,  and  then  see  no  reason  to  think  we  have  reached  a 
Hmit;  but  however  dose  or  numerous  may  be  joints,  we 
always  arrive  sooner  or  later,  as  we  go  on  subdividing  a 
jointed  rock,  at  a  piece  of  finite  size  with  no  more  joints 
^  it     Still  however  in  some  rocks,  which  consist  largely 
of  a  mineral  which  crystallises  readily,  the  tendency  of 
that  mineral  to  assume  a  definite  form,  may  have  had 
something  to  do  with  the  direction  of  the  joints,  and  caused 
them  to  arrange  themselves  rudely  parallel  to  the  faces  of 
^t  form,      llius  in  the  well-known  Sandstone  of  Fon- 
^ebleau,  which  consists  of  Sand  cemented  by  Carbonate 
^  Lime,  the  tendency  of  the  latter  to  crystallise  in  rhombo- 
^edrons  has  given  rise  to  a  series  of  joints,  which  divide 
^e  rock  into  rhombohedral  masses  haying  the  same  angles 
^  the  fundamental  form  of  Calcite :  but  these  masses  can- 
'^ot  like  the  Caldte  crystal  be  indefinitely  subdivided  into 
^^^nilar  rhombohedrons.* 

^    On  the  subject  of  jointing  the  reader  may  consult  the 
following  papers : — 

Sedgwi^  :    Transact.  OeoL  Soc.  of  London,  2nd  ser. 
^Oliii.461. 

Phillips :  Reports  of  British  Association,  1834,  p.  654. 
„  Transact,  of  Geol.  Soc.  of  London,  vol.  iii.  p.  1. 

,y  FhiL  Mag.  and  Annals,  vol.  iv.  p.  401. 

Hopkins  :  Beport  of  British  Association,  1838,  p.  78. 
Be  Ja  Beche  :  Geological  Observer,  p.  718. 
Hazkness :  Quart.  Joum.  Geol.  Soc.  of  London,  vol.  xv., 
p.   87. 

Haughton :  PhiL  Transact.,  vol.  cxlviii.  p.  333. 
The  Geology  of  North  Derbyshire  and  the  adjoining 
^Jttts  of  Yorkshire  (Memoirs  of  the  Geological  Survey  of 
«igland),  p.  143. 

^  See    Naunumn's    Lehrbuch      ences ;    also  Gages,   Reports    of 
^^  Qtognorie,  i.  4S6,  for  refer-      BritUh  Association,  1S68,  p.  207. 
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ExpUnaiions  of  Sheets  tl4,  123,  133,  vnd  1S4  of  the 
maps  of  the  Geol.  Survey  of  Irelaoi 

Gonoretioits.- — Balls.  Imnpe.  or  nodules,  of  diffpren! 
oomrwsitifjQ  from  the  rtxJu  in  which  they  are  found,  are 
iflmnion  in  many  rocks.  They  are  quit©  distinct  from  the 
jiebblefl  in  conglomerate,  which  were,  at  the  time  of  the 
formation  of  the  rock,  pebblw  just  aa  they  are  now.  The 
balls  we  are  now  speaMnj^  of  have  been  formed  eince  the 
rock,  in  whj(^  they  are  embedded,  was  deposited :  we  know 
this,  because  in  many  cases  the  lines  of  bedding  of  the  ad- 
joining rock  can  BtUl  be  traced  running  through  the  nodule, 
aa  in  1  ig.  3 1 ;  and,  in  the  caee  of  fine  clayey  rocks,  the  laminic 
do  not  bend  up  round  the  nodule,  as  would-  have  been  the 
caee  if  it  bml  lain  as  a  lump  at  the  bottom  of  the  water 
from  which  the  sediment  was  thrown  down.  Nodules  of  this 
kind  are  of  various  ahapea :  *  sometimes  spberical,  at  othtvs 


Fig.  31. — CoNCRinoNa 


of  fantastic  forms,  but  always  with  a  rounded  outline; 
■ometdmee  they  are  made  up  of  a  number  of  coDcentric 
coats,  like  an  onion  ;  sometimes  they  have  a  radiated 
structure,  i.e.  they  consist  of  long  dender  fibres  radiating 
from  a  common  centre ;  sometimes  the  concentric  and 
radiated  structures  occur  together.  A  very  common  form, 
known  as  a  Septarium,  shows  indde  ciat^  and  caviliee, 
largest  towards  the  middle  and  not  extending  to  the 
surface,  filled  up  with  a  crystallised  mineraL  It  very 
freq^uently  happens  that  in  the  middle  of  a  nodule  there 
is  a  shell,  plant,  fish,  or  grain  of  sand :  and  the  shape  of 
this  nucleus  has  evidently  determined  the  external  form  of. 
the  nodule. 

The  arrangement  of  these  nodules  generally  bears  some 
relation  to  the  stratification,  and  irequenUy  they  are 
grouped  along  the  planee  of  bedding,  probably  1 
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^^Hain  beds  oontamed  the  ingrediexits  necessary  for  their 
'ottiuitioii,  while  other  beds  did  not. 

Ab  instances  of  concretions  we  may  mention  Flints  in 
^^balk,  and  the  balls  of  Iron  I^rites  and  of  Clay-ironstone 
which  are  common  in  clayey  strata. 
^  The  fact  that  nodnles  have  been  formed  since  the  depo- 
aition  of  the  rocks  in  which  they  are  inclosed,   and  that 
tliej  have  in  many  cases  been  moulded  round  some  body 
which  now  forms  their  heart,  leads  us  to  the  conclusion 
that  the  matter  of  which  they  consist  was  once  dissemi-> 
nated  through  the  body  of  the  rock  in  which  they  occur, 
sad  has  been  afterwards  separated  out  and  gathered  into 
Stalls.    We  can  even  in  some  cases  trace  to  a  certain 
extent  the  steps  of  the  process.    The  early  stages  seem  to 
l>e  marked  by  extended  lines  of  flattened  nodules,  form- 
ing broken  beds:   a  further  concentration  of  the  segre- 
gated matter  gave  rise  to  lumps  more  spherical  in  shape ; 
and  occasional^  a  contraction  of  the  interior,  after  an  out- 
^e  solid  crust  had  been  formed,  produced  the  cracks  of 
^e  Septaria,  in  which  percolating  water  deposited  a  crys- 
talliged  lining.* 

There  can  be  little  doubt  that  the  explanation  just  given 
of  the  method  of  growth  of  concretions  is  true  of  Chalk 
flints.  From  what  is  known  about  the  state  of  the  pre- 
Knt  bed  of  the  Atlantic,  it  is  probable  that,  side  by  side 
^  the  calcareous  Foraminifera,  which  furnished  the 
inaterial  for  the  Chalk,  there  lived  siliceous  Foraminif era, 
^mges  with  siliceous  spicuke  and  framework,  and  other 
>uica-extracting  animals.  The  hard  parts  of  all  these 
ciQitQree,  calcareous  and  siliceous  alike,  accumulated  on 
^  sea-bottom,  and  produced  a  calcareous  mud,  with  which 
"liceoiis  particles  were  intimately  mixed:  at  some  after 
poiod  the  sUiceous  element  was  separated  out  from  the 
mixtme  and  aggregated  into  balls,  a  sponge  or  some 
^«r  body  often  furnishing  a  centre  round  which  the 
^gp^ation  took  place. 

u  has  been  observed  in  laboratory  experiments  that, 
vhen  different  substances  in  a  state  of  flne  division  are 
°^*nifa11y  mixed  together,  certain  of  them  do  separate 
^  aad  congregate  together  into  nodular  masses,!  and 
^  Itts  been  noticed  that  nodules  are  being  formed  in  the 
^^  iray  in  some  rocks  now  in  the  course  of  deposition. 
It  ii  usual  to  speak  of  this  process  as  Concretionary  Action. 

*  D*  U  Beohe,  Besearches  in  t  Babbage,  Economy  of  Manu- 
'^^^<»«tiad  Qeolo^,  p.  96.  factures,  2nd  ed.  p.  60. 
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There  is  no  objection  to  be  rnieed  to  tbia  pbnse.  and  it,  < 
Home  Gimilar  term,  laaj  be  safd;  and  ooaTemendj  used 
expreee  the  inx±  that  certain  matters  have  heva  eepsmb 
oat  of  the  bodj  of  a  rock  and  coUt-ctod  together  in  ball 
proviJed  alwaj-s  we  hear  carefully  in  mind  that,  by  girii 
the  procces  a  name,  we  do  not  got  any  nearer  to  vwdc 
etouding  the  manner  in  whidi  the  result  has  beoo  broo^ 
about.  If  any  one  aaks  us  what  made  the  nodul6»,  t 
may,  it  we  like,  say  Concretionary  Action  :  but  if  the  av 
word  question  is  put,  what  is  ConcretionaTy  Action.  i 
should  be  somewhat  puzzled  for  on  answer.  We  'ksK 
that  one  of  the  ingredients  of  a  mixture  has  been  estnob 
from  the  siuroundinga  and  gathered  into  lumps :  he 
exactly  this  was  done  we  don't  know.  The  term  in  bet 
only  a  way  of  stating  our  isfnorance  ;  and,  unless  due  |ii 
caution  be  taken,  a  Bomewhat  dangetoiis  way,  becaiue 
certain  niiiids  it  looks  like  an  explanation. 

Concretionary  Stmctnre  ia  Kocka.~It<:>eks  thei 
selves  sometimes  put  on  a  oonoretioiiaiy  etroctnre  oo 
large  scale. 

A  daseical  instance  b  the  Magnesian  Limestone  of  Da 
ham,  described  by  Prof.  Sedgwick.  This  rock,  in  the  neig 
bourhood  of  Sunderland,  is  entirely  mode  up  of  ronod 
nodular  masses,  and  when  these  are  loosened  by  weothf 
ing,  it  has  the  look  of  a  pile  of  rudely-shaped  cannon-bal 
80  complete  is  the  separation  into  nodules  that  the  zo> 
might  be  mistaken  for  a  conglomerate,  if  it  were  not  tit 
the  lines  of  bedding  can  still  be  traced  running  thronj 
the  balls  and  the  body  of  the  rock  alike.* 

Fig.  32  shows  a  case  of  large  concretions  in  Bandston 
where  the  process  seema  to  have  been  imperfectly  carrii 
out. 

Borne  of  the  most  striking  instances  of  concretiona 
rocks  occur  among  those  which  have  consolidated  from 
fused  state.  These  will  be  noticed  under  tlie  deacriptii 
of  such  rocks. 

Oolitio  Stmotiira. — There  is  another  somewhat  alli< 
structure,  which  may  be  noticed  here. 

Many  rocks,  especoally  limestones,  are  made  up  of  rotmdi 
partides  varying  in  size  from  a  pin's  bead  to  a  pea.  The 
IS  generally  some  little  foredgn  body,  a  grain  of  sand  or 
fragment  of  shell,  in  the  middle  of  each  ball,  round  whi 

•  Sedgwick,  TransactioMGeol.  Memoirs  of  th8Q«»l<^c«l  Suit 
Sac.  nf  London,  Snd  Bcrim,  iiL  of  Great  Britain,!.  43,  for  anotl 
01  Bad  465.   &«ealioDelaBechn,      uutanco. 
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ion  Iiaa  taken  place.     Sucli  rocks,  when  the  tOM- 

aie  small,  are  called  Oolites  or  Boestones  from  £eir 

'"Hnblaiioe  to  the  roe  of  a  fish :  the  coarser  varieties  are 

**QBdPiBolitea,  or  Paasbntee.    We  have  alread;  mentioned 

u^fliu  ftmcture  has  been  observed  in  Limestones  now 

forming  on  tlie  beaches  of  Coral  islands  out  of  the  debris  of 

ComI  rock.    In  some  oases  it  is  possible  to  watch  the  way  in 

^iuA  httle  gisins  act  as  nuclei,  and  become  coated  over 

With  Buccesorve  shells  of  Carbonate  of  lime,  and  so  enlarged 

^to  minute  ooncretious.*    Is  such  cases  the  aggregation  of 

f^e  mineral  goes  on  at  the  same  time  as  the  formatiou  of 

toe  rock,  and  the  concretions  formed  differ  in  their  mode 

**'   gnnrth  from  those  in  which  the  process  of  separation 

**><J  aggravation  took  place  after  the  fonnatioii  of  the  rock 

*"*«  complete. 


?%.  S2.— COHCHTl 


Bmi'itlomij  HodnlMl, — ^There  is  a  class  of  nodules 
^^ich  it  is  desirable  to  distinguish  from  concretions, 
"Setose  they  have  arisen  in  a  different  manner.  like 
"xse  concretions  they  are  rounded  and  consist  of  concentric 
<<*ti ;  hut  when  they  contain  a  hollow  epace  inoide,  as  is 
Win  the  case,  its  wells  are  frequently  lined  with  crystals 
Mnng  their  vertices  or  brigjit  faces  turned  inward*.  This 
'**■  met  shows  that  the  formation  of  such  nodules  has 
P)W  on  Jrvm  wiihoul  inteardt,  whereas  concentric  concre- 
•*••  »sre  formed  in  the  opposite  direction,  by  the  succes- 
*^*powth  of  coat  over  coat  from  a  central  nucleus  out- 

nodules  of  this  class  may  b©  called  Secretionaiy  or 
^*<ti<aary  :  they  have  been  formed  by  tho  deposition  of 

■  Dans,  Conl<  uid  Ocol  Iilandi,  p.  153. 
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mineral  matter  from  percolating  water  in  hollow  spaceM 
Tocke :  tbe  first  coat  vaa  laid  down  on  tlie  walls  of  ■ 
caTity,  upon  the  inner  surface  of  this  another  coat  ^ 
depoiiiteal  and  so  the  growth  of  the  nodule  has  gone  ona 
the  direttion  jaist  montioned.  Agates  are  a  oomic 
mstance  of  this  ckue  of  nodules. 


CI  I  APT]  :p.  v. 

-^^JIXITIOX  AND  CLASSIFICATION  OF  DERIVATIVE 
ROCKS:  AND  HOW  FROM  A  STUDY  OF  TUEIR 
CHARACTERS  WE  CAN  DETERMINE  THE  PHYSICAL 
QEOORAFHY  OF  THE  EARTH  AT  DIFFERENT  PERIODS 
OF  ITS  FAST  HISTORY. 

"  In  these  shows  a  chromde  survives.*' 

WOBDRWOKTH. 

^TJE  taak  in  the  last  chapter  was  to  inquire  how  the 
^"^  waste  resulting  from  denudation  is  disposed  of.  We 
^Xuid  that  by  far  me  larger  part  of  it  is  ultimately  laid  out 
*^  the  floors  of  bodies  of  still  water ;  and  that  the  deposits 
^^'W  forming  in  this  manner,  though  they  differ  from  one 
^^other  in  many  respects,  all  agree  in  possessing  a  bedded 
*^  stratified  structure.  We  have  already  learned  that  a 
^^^t^  class  of  the  rocks  of  the  earth's  crust  are  characterised 
"^^  a  like  bedded  arrangement. 

Sere  then  we  had  one  point  of  resemblance  between 
^itain  rocks  and  deposits  now  in  the  course  of  formation, 
^^d,  when  we  came  to  examine  the  latter  more  in  detail,  it 
^a«  seen  that  the  agreement  between  the  two  was  not  con- 
fined to  bedding ;  in  fact  as  each  kind  of  modem  deposit 
"Waa  passed  in  review,  we  were  able  to  point  to  some  one  or 
^ore  of  the  rocks  of  the  earth's  crust,  from  which  it  differed 
^  no  respect  whatever,  except  in  certain  cases  that  of  con- 
*<>lidation. 

We  were  thus  irresistibly  led  to  the  conclusion  that 
WWed  rocks  were  formed  in  exactly  the  same  way  as  those 
i&odem  deposits  from  which  they  differ  in  no  essential 
*®8pect.    Having  now  learned  how  bedded  rocks  were  pro- 
^XLced,  we  can  substitute  for  our  former  threefold  sub- 
division of  them  into  Arenaceous,  Argillaceous,  and  Cal- 
^^i^ous,  a  more  complete  classification,  which  will  have 
'J'pect  not  only  to  what  these  rocks  are  made  of,  but  to 
wi«"way  in  whidi  they  were  formed. 
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DeriTativa    Socks   and   their   Closaificatioii. — Tlie 

rocks  liillierto  treiitud  of  owe  their  origin  direclly  or  indi- 
rectly to  denudaticin,  aud  Leac«  they  may  be  all  elaesed 
together  as  "  DerivatiTe." 

Wo  may  subdiride  them,  according  to  the  manner  of 
their  formation,  into — 

1.  MechanicaUy  formed. 

2.  Chemieally  formed. 

3.  Organically  foimed. 

The  first  are  formed  of  mechauically  transported  eedi- 
ment :  the  second  and  third  out  of  the  matter  carried  down 
in  Bolutioo,  which  is  Bometimes  precipitated  chemically, 
and  sometimes  extracted  by  the  agency  of  animals  or 
plants. 

If  we  look  to  the  eireunufawa  under  which  Dorivative 
Socka  were  formed,  we  may  class  them  aa  follows : — 

1.  Marine-':   formed  bonuulh  the  waters  of  the  sea. 

2.  Eetuarine :  formed  at  the  meeting  of  fresh  and  salt 
waters. 

3.  Lacustrine :  formed  in  inland  bodies  of  water. 

4.  Terreetrial :  formed  on  land. 

Under  the  first  head  we  shall  have  to  distinguish  between 
Littoral  deposits,  or  those  formed  near  the  shore :  the 
deposits  laid  down  on  parts  of  the  sea-bottoih  remote  from 
land,  hut  still  near  enourii  to  it  to  receive  mechEuiical  sedi- 
ment, which  may  be  called  Thaltuste ;  and  those  produced 
at  spots  eo  far  from  land  that  little  or  no  mechanically 
earned  sediment  finds  its  way  to  them,  which  may  be 
called  Oeeanie. 

There  will  be  two  classes  of  Lacustrine  deposits,  thoee 
formed  in  fresh,  and  those  in  salt  water. 

Terrestrial  deposits  are  formed  mainly  by  atmospheric 
weathering,  by  wind,  by  vegetable  growth  and  decay,  and 
by  the  action  of  ice. 

The  fossil  remains  of  animals  and  plants  preserved  in 
rocks  often  give  a  clue  to  the  circumstances  under  which 
the  latter  were  deposited.  The  study  of  fossils  or  Falteon- 
tology  will  form  the  subject  of  a  future  chapter,  but  wo 
shall  point  out  here  the  aid  they  give  in  the  matter  of  our 
present  inquiries. 

The  foregoing  considerations  lead  us  to  some  euch  broad 
general  classification  of  the  Derivative  Eoeks  as  is  given  in 
the  following  table.* 

*  Compare  Qmlogical  Magazine,  v.  fiOS. 
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Geseral  Classification  of  Derivative  Books. 

ZittanL  Mechanical. 

Sandy  and  coarse. 
Variable  in  horizontal  range  and 
irreg^olarly  bedded. 
Ex.  Conglomerates  and  Coarse  Sand- 
stones. 
TkMloMiie.  Mechanical,  or  mixed  mechanical 

and  organic. 
Clayey  aud  fine. 

Constant  for  large  horizontal  dis- 
tances and  regularly  bedded. 
Ex.  Fine  Sandstones,  Shales,  and  im- 
pure limestones. 
Oceanic  Oivanic. 

Calcareons. 

Often  of  great  horizontal  extent. 
Ex.  Pure  limestone. 

Altered  Organic  deposits. 
Ex.  Atlantic  Bed  Mud. 


A.lUam.      ( 


o>  £^>T7Alxm. 


/  lireakwaUr, 


^^*«wiDn. 


SaltwaUr, 


\ 


Mechanical. 

Sandy  and  clayey  Bocks,  and  im- 
pure limestones.' 

Irregular  bedding  with  frequent 
changes  in  mineral  composition. 

Alternations  of  marine,  brackish, 
and  fresh-water  beds.  Marine 
fossils  often  dwarfed. 

Mainly  sandy  and  clayey  beds  and 
impure  limestones  of  mechanical 
origin. 

Organic  or  semi-organic  occa- 
sionally. 

Some  chemical  precipitates  of  Car- 
bonate of  lime  and  Silica. 

Chemical  Precipitates,  such  as  Bock 
Salt,  Gypsum,  and  Dolomite,  con- 
spicnous ;  occurring  in  lenticular 
masses  among  sandy  and  clayey 
mechanical  deposits. 

Fotttdls  rare,  sometimes  stunted 
and  deformed  marine  forms. 


"^ftiiimuL.' 


Mechanieal,  From  atmospheric  wea- 
thering, Bainwash,  Screes,  Old 
Soils.  From  wind  (2Ek)lian), 
Blown  Sand. 

Orgtmie.  Mainly  of  vegetable  ori- 
gin, as  CoaL*  Animal  deposits  of 
Guano. 

A^^/^'^Beposits  formed  by  the  aid*of  ice  are  omitted  from  the  above 
■J"*  for  reasons  given  on  p.  182. 

ti^  ii  very  convenient  to  put      have  scarcely   a   right   to  the 
^^  xocki  hare,   though  they      place,  unless  we  stretch  a  point 
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One  word  of  warning  about  the  last  column  of  the  abore 
table.  Its  object  is  not  to  specify  eveiy  single  one  of  the 
different  kinds  of  rock  which  are  somewhere  or  other  to  be 
met  with  in  each  subdivision ;  but  to  point  out  those  widely 
prevalent  forms,  which  give  to  each  group  its  peculiarly 
distinctive  stamp.  Thus  no  mention  is  made  of  oeposits  oi 
a  semi-organic  character,  such  as  beds  of  Oyster  sheUs, 
which  occur  in  the  Littoral  zone ;  nor  of  the  rare  mechanical 
and  still  rarer  chemical  deposits  in  the  Oceanic  area ;  be- 
cause cases  like  these  are  of  the  nature  of  local  and  sub- 
ordinate accidents,  which  do  not  from  a  broad  point  of  view 
affect  the  prevailing  character  of  any  one  of  the  groups. 
It  is  the  latter,  and  not  mere  accidental  accompammentB, 
that  we  look  to,  when  we  want  to  find  out  the  circum- 
stances under  which  any  given  mass  of  rocks  were  formed. 

Importance  of  learning  the  Conditions  nnder 
which  Boclcs  were  formed. — The  great  value  of  a  classi- 
fication Hke  that  just  attempted,  as  compared  with  an 
arrangement  of  rocks  depending  on  mineral  composition 
alone,  is  this ;  it  speaks  to  us  of  matters  of  far  greater 
import  than  chemical  and  mineralogical  constitution,  for  it 
asserts  that  rocks  have  not  always  existed  as  we  see  them 
now,  and  it  assigns  to  each  kind  of  rock  the  cause  and  con- 
ditions of  its  formation.  And  it  is  not  till  we  have  got  to 
this  point,  that  we  realise  what  the  real  aim  and  end  of  all 
geological  work  is ;  that  it  is  not  merely  to  tell  us  what 
rocks  are  like,  but  to  enable  us,  when  we  look  at  a  rock,  to 
say  how  and  where  it  was  formed. 

When  we  can  do  this,  Geology  becomes,  not  a  mere  cata- 
logue of  dry  descriptions,  but  a  history ;  and  we  learn  to  look 
upon  rocks  as  the  pages  of  a  volume,  on  which  is  written  an 
account  of  what  was  going  on  while  they  were  being  formed. 
The  student,  who  knows  no  more  of  Geology  than  he  has 
picked  up  from  the  preceding  pages,  will  have  begim  to 
realise  that  every  rock  has  a  story  of  its  own  to  tell,  and 
furnishes  to  any  one,  who  can  read  its  tale  aright,  a  record 
of  what  was  the  physical  condition  of  the  spot,  on  which  it 
is  foimd,  at  the  time  of  its  formation.  Now  in  studying 
the  physical  condition  of  the  earth  at  present,  we  do  not 
confine  our  attention  to  any  single  one  of  its  physical 
divisions,  its  land  surfaces  for  instance  or  its  oceans ;  but 
we  strive  to  loam  all  we  can,  alike  about  the  dry  land,  the 

and  Bay  they  are  derivative,  inas-      furnishes  the  soil    from    which 
much  aa  it  ia  denudation  that      plants  draw  Dart  of  their  food. 
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ihalloir  pBitB  and  more  profound  depths  of  the  ocean,  the 

and  inland  seas,  and  in  short  about  ereiy  one  of  the 

1  features  and  modifications  of  its  surface.    It  is  the 

of  G^eology  to  furnish  us  with  like  detailed  information 

^boot  the  earth  as  it  was  during  past  ages ;  and,  as  the 

cjnly  documents,  so  to  speak,  from  wich  we  can  draw  this 

Jcno^rledge,  are  the  Tocka  that  were  formed  during  those 

timeB,  it  is  of  the  first  importance  we  should  be  able  to 

^tjBoeitain  under  what  conditions  they  were  formed ;  because 

terrestrial  rocks  tell  us  where  the  diy  land  lay,  Littoral 

depoflitB  mark  the  shore  line,  Oceanic  beds  the  depths  of 

"tlie  sea,  and  Lacustrine  formations  give  us  the  site  of  inland 

1>odie6  of  water.    It  is  only  when  we  have  been  able  to 

study  a  contemporaneous  suite  of  all  these  different  forms 

dff  rocks,  that  we  can  arrive  at  a  knowledge  of  the  physical 

^«cmiplnr  of  the  earth  at  any  past  epoch.  . 

We  wiU  therefore  give  up  this  chapter  to  an  explanation 
of  the  way  in  which  the  character  of  a  rock  enables  us  to 
decide  on  the  conditions  under  which  it  was  formed ;  and 
eo  to  map  out  the  different  distributions  of  land  and 
^water  which  have  existed  at  different  periods  of  the  earth's 
pasthistoxy. 

,  Taadung  of  Glacial  Formations.. — ^Under  each  one 
of  the  above  four  main  subdivisions  we  might  have  speci- 
fied one  or  more  members  formed  by  the  action  of  ice. 
Thus  amonff  the  Oceanic  group  we  do  find,  though  but 
'ardy,  boulders  dropped  from  icebergs ;  in  Thalassic,  lit- 
tonl,  Estuarine,  and  Lacustrine  he&  Boulder  Clays  and 
Oladal  Mud  are  met  with ;  while  Till  and  Moraines  are 
Unportant  items  in  the  roll  of  Terrestrial  rocks.    But  it 
'^iU  be  better  for  our  present  purpose  to  look  upon  ice- 
conned  deposits  as  constituting  a  separate  glacial  class, 
than  to  rank  them  as  subordinate  members  of  the  classes 
already  mentioned.     Our  object  in  the  present  chapter  is 
to  see  how  far  we  can  make  out,  from  a  study  of  any  given 
lock,  what  were  the  physical  conditions  that  prevailed 
when  that  rock  was  formed,  at  the  spot  where  it  occurs. 
Kow  there  is  one  fact,  which  all  glacial  beds,  imder  what- 
ever conditions  they  were  formed,  agree  in  indicating,  viz. 
^  prevalence  of  intense  cold;   and  this  fact  is  of  far 
^wter  importance  physically  than  the  consideration  whether 
««y  were  terrestrial  or  subaqueous.      While  therefore 
^^  latter  points  must  not  be  lost  sight  of,  the  most 
unpoitant  truth  to  be  gathered  from  glaicial  formations  is 
^  existence  of  a  severe  climate. 
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These  remark,  and  the  doscririlioa  of  glaraal  friTmntiriiii — ig 
in  the  last  chanter  will  tender  it  unnecettsarj^  to  eay  any-— ^ 
thing  further  ahout  them  in  this  chapter. 

We  will  now  pasa  to  a  consideration  of  the  great  lea^ng^l 
features  whi(^  distinguiidi  each  of  the  eubdinsioua  of  oiu'^ 
tuWe. 

A. — MmrvR  Eociia, 

Littoral  KockB. — The  Littoral  zone  of  any  marine  areti  ^ 
eousists  of  two  parts,  the  belt  between  the  limits  of  hi^   J 
and  low  tide,  and  a  tract  of  shallow  water  beyond.     Orer    * 
the  first  the  tides  and  breakerB  are  coaetontly  at  work    : 
grinding  down  material  detached  from  the  (Ji£s  or  brought    i 
within  the  range  of  their  actioD  by  rivers  ;  the  bottom  of    f 
the  second  i«   Droken  up   only  occasionally  during  veiy 
severe  atorms.     The  loose  matters  lying  on  the  lower  of 
these  belts  are  oeension idly  (run ftfcm-d  from  it  to  tbn  Tipper, 
but  it  ia  on  the  lattor  that  the  (^cat  nianufiii-turt;  of  debris 
goes  on;  tln'i'u  the  wfiir  r,f  the  waves,  us  tiny  iidvaiiw'  and 
retreat,  produceB  great  piles  of  shingle  and  accumulations 
of  Band.     "When  these  are  swept  out  seawards  the  finely 
divided  parts  travel  far  before  they  reach  the  bottom,  but 
the  coarse  and  heavy  materials  sink  down  at  once  anQ 
become  heaped  up  in  long  banks  of  shingle  and  sand 
ranging  generally  parallel  to  the  coast  line.     Such  banks 
will  evidently  be  thickest  on  the  side  nearest  the  shore, 
and  will  tliin  away  in  a  wedge-shaped   form  seawards. 
These  materials  also  will  be  veiy  irreg^ularly  stratified, 
for  the  currents  traversing  the  shallow  water  will  give 
rise  to  the  structure  already  described  as  current-  or  f^se- 
bedding. 

Now  among  the  rocks  of  the  earth's  crust  we  find  Con- 
glomerates  and  coarse  Sandstones,  which  resemble  exactly 
uie  shore  deposits  of  the  present  day.  In  composition  they 
are  just  the  same;  they  have  the  same  wedge-shaped  form, 
for,  though  they  may  be  followed  for  long  distances  in  one 
direction,  we  find,  when  we  endeavour  to  trace  them  in  the 
direction  at  right  angles  to  this,  that  they  thin  out  rapidly 
and  become  replaced  by  beds  of  finer  grain.  They  also 
invariably  show  veiy  excessive  current -bedding. 

Bocks  answering  to  tltis  description  then  give  us  Uie 
position  of  an  old  coast-line,  and  we  know  that  the  side  on 
which  they,  are  thickest  was  the  landward  side,  and  that 
the  dirertion  in  which  they  thin  out,  led  to  sea. 
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The  rough  usage  which  the  materials  of  such  rocks  have 
undergone,  has  very  frequently  prevented  any  remains  of 
anJTpaY  life  being  preserved  in  them,  and  they  are  generally 
barren  of  fossils.  When  they  do  contain  organic  remains, 
theee  consist  of  the  hard  parts  of  creatures  that  lived  in 
diallow  water,  such  as  molluscs,  whose  shells  in  such  situa- 
tions grow  thick  and  hard  to  enable  them  to  resist  the 
pounding  of  the  shingle.  They  are  also  liable  to  enclose 
the  bones  of  terrestrial  animals  and  land  plants,  which 
hove  been  brought  down  by  rivers  and  have  sunk  to  the 
bottom  near  their  mouths. 

The  deposits  just  mentioned  are  the  most  important  and 
diaractenstic  of  the  Littoral  group,  but  others  of  a  some- 
what different  nature  are  formed  between  tidal  limits.     In 
the  hollows  between  shingle-  and  sand-banks  mud  and  fine 
Mnd  accumulate,  and,  when  the  whole  becomes  compacted 
mto  rock,  ^ve  rise  to  lenticular  masses  of  Shale  and  lami- 
i^&ted  Sandstone,  such  as  often  occur  in  the  middle  of  bodies 
^  Conglomerate.     The  surfaces  of  these  finer  beds  are 
n^le-marked  by  the  motion  of  the  waves,  and  stamped 
wiUi  the  tracks  and  burrows  of  marine  aaimals  and  the 
footprints  of  birds ;  when  they  are  laid  dry  by  the  retreat- 
^  tide,  they  are  cracked  by  the  sun ;  sometimes  too 
Operation  of  pools  of  sea  water  causes  the  deposition  of 
C^^Bta]s  of  Bait,  and  these  crystals,  being  afterwards  dis- 
Bolred,  leave  a  cast,  which  is  filled  up  by  sediment,  and  sc 
&U)deLs  in  sand  or  mud  are  formoa,  known  as  Pseudo- 
DKttphs.*    All  these  appearances  are  common  in  the  corre- 
nonding  rocks,  and,  where  they  are  met  with,  indicate  a 
littoral  origin. 

Xlialajinc  Bocks. — ^As  we  leave  the  shallow  belt  which 
QsnaUy  fringes  a  sea-coast  and  advance  into  deeper  water, 
the  dcmosits  laid  down  on  the  sea-bottom  become  gradually 
finer  in  grain,  the  sandy  element,  so  conspicuous  in  the 
Littoral  zone,  ceases  to  predominate,  and  clayey  mud 
replaces  it  in  part :  here  too  mixtures  of  mechanical  sedi- 
ment with  the  calcareous  remains  of  marine  animals  are 
fbtmed. 

Such  deposits  give  rise  to  finely  grained  Sandstones, 
srgiUaoeouB  Sandstones,  Clays,  Shales,  Mudstones,  and 
impore  Limestones. 

These  deep-water  marine  beds  will  show  more  regularity 
in  thcdr  bedding  than  those  of  the  Littoral  zone,  because 

*  Quart  Jonm*  G^L  Soc,  ix.  6,  187,  zxiv.  646 :  and  p.  28. 
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the  currents,  to  vliich  confaeed  bedding  is  due,  beoomt 
feebler  oi  the  water  deepens :  they  will  also  spread  ova 
larger  areas  and  be  more  uniform  in  caniposition,  becauM 
the  finely  divided  matter,  out  of  which  they  are  forme^ 
remains  for  a  long  time  suspended  in  the  water  and  il 
spread  over  broad  spaces  before  it  sinks  to  the  bottan 
Kie  area  over  which  finely  divided  sediment  suspended  is 
river  water  is  distributed,  ia  increased  by  the  smalbt 
specific  gravity  of  fresh  than  salt  water.  From  this  canM 
the  discharge  from  a  river  floats  on  the  top  of  the  sea  ii 
some  coses  for  hundreds  of  miles  before  it  becomes  faii^ 
mixed  up  with  the  salt  water,  and  of  course  carries  along 
with  it  its  burden  of  suspended  matter.  < 

The  quietness  of  deposition  of  these  beds  is  favouraU 
to  the  preservation  of  the  remains  of  animals,  which  live  l| 
the  water  where  they  are  formed ;  hence  they  will  be  oftfl| 
kiglilv  fosfiiJiferous,  but  fbose  fossils  will  bo  nlmost  excln- 
sivelj  miiriilf,  and  it  will  lit'  ujdy  v.tv  raifly  tlliit  Hit 
remains  of  land  animals  or  plants  will  have  been  caniec 
out  far  enough  to  sea  to  have  been  embedded  in  them. 

Limestones  are  by  no  means  rare  among  the  pres^ 
class  of  rocks,  but  they  differ  from  the  typical  Limestonsf 
of  the  Oceanic  area  in  being  very  impure,  because  they  ait 
only  partly  made  up  of  the  calcareous  portions  of  marine 
animals  and  contain  besides  mixtures  of  muddy  or  sand] 
sediment.  It  seems  however  possible  that  where  riven 
very  largely  charged  with  Carbonate  of  Lime  flow  into  thi 
sea,  chemical  precipitation  may  take  place  and  give  rise  U 
beds  of  purer  Limestone ;  but  it  is  probable  that  such  casei 
are  very  exceptional.* 

Vormal  Ooeanio  Hooks. — In  every  large  ocean  then 
are  bounds  past  which  no  sediment  however  finely  dividet 
is  carried,  and  beyond  these  no  mechanical  deposit  cai 
consequently  be  formed.  Li  the  clear  pure  water  of  thew 
regions  animals  flourish,  which  cannot  exist  in  w^tei 
fouled  by  sediment,  and  by  these  we  saw  in  the  last  chapte 
masses  of  pure  Limestone  are  bmlt  up. 

Many  such  Limestones  occur  among  the  rocks  of  tli< 
earth's  crust,  about  whose  origin  there  can  be  no  doubt 
because  we  can  still  see  that  they  are  almost  entirely  mad 
up  of  the  hard  parts  of  marine  animal  a ;  other  large  masse 
of  pure  Limestone  there  are  which  now  show  little  or  n 
trace  of  fossils;  but  to  these  too  we  assign  an  orgaoi 

*  See  Lyell,  Principles  of  Geology,  IDth  ed.,  L  tZS— «31. 
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airigm,  because  we  know  of  no  other  way  in  wUch  they 
out  have  been  f  oimed,  and  we  suppose  that  changes,  which 
^rOl  be  more  folly  treated  of  by-and-by,  have  removed  all 
tzaoes  of  the  f  oenls  which  they  once  contained. 

In  all  cases  then  we  look  upon  great  masseer  of  pure 
limestone  as  having  been  formed  by  animal  agency,  and 
as  mavkiTig  the  sites  of  what  were,  at  the  time  of  their 
formation,  Oceanic  areas  far  remote  from  land. 

In  limestones  of  this  character  we  ahnost  always  meet 

with  sUiceous  nodules,  as  for  instance  Flints  in  Chalk, 

Chert  nodules  in  the  Carboniferous  Limestone  of  England. 

^he  origin  of  these  has  been  already  explained,  but  it  is 

dearable  to  recall  attention  to  the  almost  invariable  asso- 

Qitum  of  the  two  kinds  of  rock,  because  it  is  a  fact  in 

iimmr  of  the  organic  orimi  of  the  Limestone.     We  know 

Ihat  sea  water  holds  in  solution  Silica  as  well  as  Carbonate 

of  Lime,  and  that,  besides  the  animals  and  plants  which 

teoete  ike  latter,  there  are  others  living  side  oy  side  with 

litem,  which    extract   the   former;    the  intermixture  of 

aUoeoas  and  calcareous  organisms  readily  explains  the 

ice  of  Silica  in  the  middle  of  an  eminently  calcareous 

t,  a  fact  which  it  is  not  easy  to  accoimt  for  in  any 

way. 

We  must  now  include  in  the  roll  of  Oceanic  formations 

deposits  like  the  Bed  Mud  of  the  Atlantic  described  in  the 

last  chapter,  and  the  rocks  which  may  have  been  formed  in 

the  same  way. 

We  find  now  and  then  exceptions  to  the  sweeping  state- 
ment that  Oceanic  deposits  are  mainly  of  organic  origin ; 
these  are  not  numerous  enough  to  upset  its  general  truth, 
hot  still  require  notice. 

Srratics  in  Oceanic  Deposits. — Occasionally  travelled 
honlders  of  large  size  are  met  with  in  the  heart  of  great 
Basses  of  strata  that  were  formed  in  still  water  far  away 
bom  any  land.  There  are  several  possible  means  by  which 
these  wanderers  may  have  been  carried  to  their  present 
poQtion. 

Large  stones  often  get  entangled  among  the  roots  of 
twes,  and,  when  the  latter  fall  into  rivers,  are  floated 
fctn  the  stream  and  out  to  sea,  till  the  decay  of  the  wood 
iwps  them  to  the  bottom.  Another  means  of  carriage  is 
^''iished  by  seaweeds,  which  sometimes  grow  to  a  size 
*'ge  enough  to  float  the  rocky  fragments  to  which  they 
ttich  themselves.  Lastly,  floating  ice  is  another  trans- 
P^^ttiiig  agent,  and  in  all  probabiHty  the  one  which  has 
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in  most  canefl  been  employed.  Where  the  fragmente  ai«- 
aDguIai'  they  may  have  formed  ori^nally  part  of  the  mif 
rainic  rubbish  on  the  bock  of  a  glftfier  or  ice-sheet,  ana 
were  borne  away  on  icebergs ;  where  th^  are  roimdedJ 
they  murt  have  been  piekea  up  from  the  shingle  of  tha 
beach  by  coast-ice.  Tne  reader  will  find  a  deecription  o; 
erratics  embedded  in  chalk,  and  a  diBcuseiou  of  the  way  i^: 
which  thoy  may  have  been  brought,  in  a  paper  by  Mr. 
Goodwin  Auelen  in  the  Quart.  Joum.  GeniL  Soc.  sir.  252. 

Chemical  DepoaitB  in  Ooaanio  Areas. — Under  eertain 
circiuuHtancea  too  chemical  deposits  are  formed  eren  in 
the  centre  of  wide  Oceanic  areas.  Thus  Dana  ("Coral 
Ifilands,"  p.  294)  gives  the  following  section  of  the  deposite, 
which  fill  up  the  lagoou  of  an  old  raiaed  atoU,  Jairia 
Island,  situated  in  lat.  0°  22'  6,  long.  159°  SS'  W  :— 

3.  Gunno. 

2.  Suli)h!ito  of  IJme,  some  compact  and  crysriilline, 
some  soft  and  amorphous,  often  two  feet  thick. 
1.  Fine  Coral  debris  and  shells. 

Here  the  source  of  the  Sulphate  of  Lime  must  have 
been  the  sea  water,  which  holds  sm.all  quantities  of  that 
eubBtance  in  solution :  when  the  lagoon  became  dosed, 
evaporation  would  concentrate  the  solution  till  the  diaeolved 
salts  were  precipitated;  if  a  fresh  supply  of  water  were 
then  admitted  to  the  same  treatment,  and  the  proeeea 
repeated  often  enough,  any  thickness  of  Gypsum  nught  be 
accimiulated.  Dana  further  mentions,  that,  as  far  as  his 
observations  extend,  all  elevated  lagoons  have  eimilai 
deposits  of  Gypsum,  and  that  Bock  Salt  frequently  accom- 
panies them  (op.  eit.,  pp.  182,  297).  Imperfect  Dolomite 
18  also  formed  under  similar  circumstances.  Thua  the 
Coral  Limestone  of  the  island  of  Matea  contains*  a  large 
percentage  of  Carbonate  of  Magnesia.  This  salt  doee 
enter  into  the  composition  of  certain  Corals,  t  but  hudl;  in 
suf&cient  quantity  to  make  it  possible  that  they  could  oe 
the  sole  source  of  a  rock  like  this.  The  Limestone  vaa 
probably  formed  out  of  Coral  debris  in  the  drying-np 


*  AnalyBis,  Sillim 
Snd  Kriea,  zir.  82 : — 

CarboDRta  of  Lime  .  . 
Carbonale  of  Uagneaia 
Specific  Grant;  .  . 
P«"i"""t 


per  cent,  of  CarboDite  o 

+  Forchhnmmer  found  S~l  per 
rent,  of  Magnesia  in  Corallioni 
nibrum,  and  6*36  in  laia  hippuiia. 
(Dana,  Coial  Igluid^,  p.  99.) 
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lagoon  of  an  old  atoll,  which  had  been  converted  by 
evaporation  into  a  strongly  concentrated  solution  of  Mag- 
uesian  Salts  (op,  ett.  p.  357). 

Attention  has  been  called  to  these  abnormal  forms  of 
Oceanic  deposit,  because  we  shall  see  shortly  that  Eock  Salt, 
Oypsum,  l>olomite,  and  other  chemically  formed  rocks  are 
puticularly  characteristic  of  formations  originating  in 
inland  seas.  The  cases  quoted  show,  that  we  must  not 
jump  too  hastily  to  the  conclusion,  that,  wherever  these 
unos  of  rock  occur,  the  beds  among  which  they  are  found 
are  necessarily  Lacustrine.  If,  when  we  look  at  their 
mrxoundings,  we  find  them  to  be  merely  subordinate 
patches  in  the  middle  of  a  great  mass  of  rocks  evidently 
of  Oceanic  origin,  we  must  decide  on  the  conditions  under 
which  the  group  was  deposited  from  the  broad  general 
^^axacter  of  the  whole,  and  not  from  a  few  local  accidents. 

B. — ^EsTtrAKiKE  Rocks. 

iSverywhere  along  the  coast  materials  for  the  formation 
^  submarine  rocks  are  furnished  out  of  the  detrital  matter 
DTouffht  down  by  streams  or  yielded  by  the  destruction  of 
uie  diffs.  But,  where  a  large  river  enters  the  sea,  an 
^usual  amount  of  sediment  is  brought  in  at  a  single  spot, 
*ftd  the  accumulations  round  its  mouth  tend  in  consequence 
^  become  specially  conspicuous. 

^  The  distribution  of  the  matters  carried  down  by  a  great 
^9r  will  depend  on  the  following  circumstances:  if 
powerful  currents  sweep  across  its  mouth,  they  may  bear 
away  the  whole  or  the  greater  part  of  the  detritus,  and 
little  or  no  deposition  may  go  on  opposite  the  mouth ;  but 
if  the  sea  be  free  from  currents,  or  if  the  volume  or  cha- 
ncier of  the  suspended  matter  be  such  as  the  existing 
eoxrents  are  unable  to  remove,  deposition  will  take 
place  as  soon  as  the  river  enters  the  sea,  the  latter 
vUl  be  gradually  filled  jup,  and  a  tongiie  of  land,  con- 
stantly growing  in  size,  will  be  j^ushed  out  into  the  marine 


The  projections  of  land  formed  in  this  way  are  known 
as  Deltas. 

Tides  both  hinder  and  promote  the  growth  off  Deltas. 
The  scour  of  the  ebb  tends  to  sweep  away  sediment  already 
deposited;  while  the  pounding  back  of  the  river  during 
him  tide  promotes  deposition. 

Spooe  will  not  allow  of  our  giving  any  lengthy  descrip- 
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tion  of  existing  deltas,*  but  it  is  desirable  that  the  staden! 
should  realise  the  enormous  size  to  which  they  erow.  The 
fluviatile  deposits  which  form  the  delta  of  the  Mississippi 
extend  over  an  area  of  12,300  miles,  equal  to  neaiiy  haii 
that  of  Ireland,  and  have  been  proved  by  boring  to  be  «t 
one  spot  more  than  600  feet  in  thickness.  The  delta  of 
the  Ganges  is  not  far  from  twice  as  large. 

The  nature  of  the  materials  of  which  deltas  oonsist  will 
vary  according  to  circumstances.    Where  mountains  rise 
abruptly  from  the  coast,  the  streams  that  flow  down  their 
flanks  will  have  fall  enough  to  enable  them  to  bring  down 
coarse  detritus,  and  deposits  of  sand  and  shingle  will  b^ 
formed  around  their  mouths.    But  where,  as  is  the  casO 
with  most  large  rivers,  a  broad  tract  of  flat  country  inter^^ 
venes  between  the  sea  and  the  moimtains  on  which  th.*^ 
sources  of  the  stream  He,  the  river  ceases  to  be  able 
carry  forward  coarse  matter  as  soon  as  it  reaches  the 
country,  and  only  finely  divided  sediment  reaches  the 
Still,  even  in  the  latter  case,  we  may  expect  altemationi^^ 
of  beds  of  different  degrees  of  coarseness  correepom^ 
to  the  seasons  when  the  river  is  low,  and  when  it  is 
flood. 

In  the  arrangement  of  their  materials  the  deposits  of  ^ 
deltas  will  bear  some  resemblance  to  those  of  the  littoral^ 
zone  among  marine  beds.  There  wiU  be  the  same  current-  -^ 
beddinfi^,  the  same  interlacing  of  wedge-shaped  masses  of  "^ 
beds  of  different  mineral  composition,  and  generally  the  ^ 
same  prevailinfi^  irregularity  when  the  whole  is  looked  at  -^ 
on  a  large  scale.     We  shall  also  find  the  surfaces  of  the   * 
beds  ripple-marked,  rain-pitted,  sun-cracked,  crossed  by 
animal  tracks,  and  dotted  over  with  pseudomorphs  of  salt 
crystals.    When  the  surface  of  a  delta  has  been  raised 
nearly  up  to  the  sea  level,  the  deposits  often  assume  a 
very  complex  character ;  sand-dunes  or  shingle-banks  are 
piled  up,  and  by  damming  back  the  river  water  give  rise 
to  lagoons,  in  which  fresh-water  nT^imalfl  live  and  become 
embedded ;    after  a  while  the  sea  bursts  through  the 
barrier  and  brings  with  it  brackish  forms  whose  remains 
are  preserved  in  the  next  series  of  strata :  sometimes  the 
water  at  one  end  of  a  lagoon  is  salt  enough  to  support 
brackish-water   creatures    and  sufficiently  freshened  by 
the  influx   of  river  water  at  the  other  end  to  allow  oi 

*  For  information  on  this  head  Do  la  Beche,  Goologioal  Observer, 
see  Lyell's  Principles  of  Gteology,  pp.  72,  98  ;  Carl  Vogt,  Lehrbuch 
10th  ed.9  i  chaps,  xviii.  and  xix. ;      der  G^lo^e,  iL  114. 
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^j^^^water  aTiinmlfl  Hying  in  it,  and  thus  the  beds  laid 
^'^  in  it  show  a  gradual  passage  from  one  form  to  the 

in  some  cases  deposits  of  Bock  Salt,  Gypsum,  and  other 
^(tanieal  precipitates  are  formed  by  the  evaporation  of 
^Hxifes  of  salt  water  shut  off  in  lagoons. 

Occasionally  the  shutting  out  of  the  sea  by  temporary 
iers  gives  rise  to  tracts  of  comparatively  dry  land,  on 
hich  marsh-loving  plants  flourish,  and  in  which  land 
dmals  that  venture  on  them  are  liable  to  get  mired,  and 
there  are  produced  interstratifled  terrestrial  forma- 
tioiiis  with  the  remains  of  the  plants  that  grew  on  them 
and  the  beasts  that  frequented  them.  In  this  way  delta 
deposits  show  constant  alternations  of  fresh-water,  brackish, 
fdiemicaly  and  terrestrial  formations. 

This  complexity  wiU  be  vastly  increased,  if,  while  the 
deposition'  at  the  delta  is  going  on,  there  are  changes  in 
tlie  relative  level  of  the  land  and.  sea.     Suppose  the  sea- 
*bottom  to  be  siuTring  slowly,   and  that  tne  downward 
movement  is  interrupted  by  occasional  pauses.    During 
one  of  the  latter  the  water  may  be  so  far  filled  up  that  a 
land  surface  is  produced ;  when  depression  begins  again, 
tlie  terrestrial  accimiulations  become  covered  up  bv  sub- 
aqueous deposits,  and  in  this  way  any  number  of  altema- 
tioDB  of  the  two  forms  of  rock  may  be  produced.    This  is 
the  character  of  the  fluviatile  deposits  on  which  Venice 
»t'^«ria :  they  have  been  bored  through  to  a  depth  of  400 
feet,    and  at  four  different  levels  beds  of  turf  precisely 
Kiiwilfty  to  those  now  forming  on  the  margin  of  the  Adriatic 
"Were  met  with. 

Alternate  elevation  and  depression  of  the  land  will  lead 
to  the  same  admixture  of  terrestrial  and  subaqueous 
deposits. 

Shape  in  aaetion  of  Beltaa. — ^If  we  could  make  a 
longitudinal  section  along  the  whole  length  of  a  delta,  we 
should  find  the  thickness  of  the  deposit  increasing  for 
aome  distance  from  the  mouth  of  the  nver,  then  beginning 
to  decrease,  and  at  last  wedging  away  to  nothing. 

rbenla  of  Eatnarine  Bsda. — The  fossil  remains  pre- 

ter? ed  in  estuarine  beds  will  show  a  mixture  very  charac- 

teiistic  of  this  class  of  deposits.     There  will  be  no  deep 

sea  forms,  but  the  shells  and  fish  that  inhabit  brackish 

water  will  be  present ;  with  these  drifted  specimens  of 

^^•▼ater  and  land  plants  and  shells,  and  bones  of  terres- 

tiial  and  amphibious  f^niTniLlg  will  occur ;  occasionally  we 
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eksll  como  noon  beds  oneloBing  only  a  fresh-irater  faun  -ai 
and  others  whicli  are  evidently  land  ^ovtlts. 

We  also  meet  with  the  shells  of  Eatuarino  or  Mariir^ 
moUuMa,  which  are  stninted  and  deformed,  as  if  the  co^ai 
ditions  imder  which  they  lived  were  unfavourable  '■■ 
healthy  growth.  These  abnormal  forms  were  caused  b^ 
Bome  Budden  increase  in  the  volume  of  the  river,  whereb*: 
an  area,  which  had  for  a  time  been  occupied  by  ealt  waters 
became  freshened,  not  suificieatly  to  kill  off  the  marin*; 
inhabitants,  but  enough  to  make  their  surroundings  unci 
Buitablo  to  their  habits, 

Dspositi  foriaed  by  tbs  naion  of  Deltoa. — Tb-f 
deposits  then  of  the  delta  of  a  sinf;le  river  will  form  t 
very  compBcated  group,  and  when,  in  the  course  of  thoi» 
growth,  the  deltas  of  several  neighbouring  streams  com  JE 
to  be  imited,  we  got  a  mass  of  strata  showing  still  greatetil 
irregularity :  the  sediment  brought  down  by  the  severaja 
rivers  may  vary  vi^ry  much  in  character,  the  prevailiasJ 
constituent  of  the  detritus  of  one  may  be  mud,  of  another^ 
saad,  and  the  waters  of  a  third  may  be  ho  charged  witHId 
Corbonato  of  Lime  as  to  promote  the  abundant  growth  a.^J 
calcareous  orgamsms  and  give  rise  to  beda  of  Limeetone  « 
and  in  this  way,  when  the  united  deposits  come  to  fonm 
one  great  rook  mass,  we  shall  find  in  it  beds  which  at  on»-« 
spot  ore  Sandstone,  at  another  Shale,  and  at  a  third  Lime-^ 
stone,  the  three  forms  passing  horizontally  int«  one  anotha:^ 
by  gradual  steps. 

Enunple  of  an  Ertoarin*  Oronp. — Among  the  roclcs3 
of  the  earth's  crust  we  find  great  groups  of  strata  whichft 
show  all  the  peculiarities  just  described  as  characteriBti<»-> 
of  delta  deposits:  a  very  good  instance  is  furnished  bj^ 
what  are  known  as  the  Wedden  Eocks  of  Kent  and  Sussex—^ 
This  formation  consists  of  Clavs,  Sands,  Sandstones,  C3al — - 
careoua   Grits   and  impure  Limestonea :    it  contains  the^ 
remains   of    estuarine  and  fresh-water  shells  and  crus-  -' 
taceans  and  fish,  which  are  alone  sufficient  to  decide  its  -" 
estuarine  character.      We  learn  further  that  it  waa  de- 
posited not  far  from  land,  because  we  find  embedded  tn  it 
laud  plants,  insects,  the  bones  of  birds,  and  of  terrestrial 
and  amphibious  animals,  specially  a  gigantic  terrestrial 
lizard  known  as  the  Iguonodon,  the  footprints  of  which 
still  remain  imprinted  on  the  surfaces  of  some  of  the  beds. 
We  have  therefore  all  the  signs  by  which  wo  recognise  a 
formation  of  Estuarine  origin,  and  we  can  determine  also 
the  quarter  from  which  the  river  that  deposited  it  flowed, 
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*^d  whereabouts  the  sea  lay  into  which  that  river  dis- 
<^«^aiged  itself . 

^e  thickness  of  the  whole  mass  of  strata  in  Sussex  is 

*J  least  1,300  feet ;  as  we  trace  them  westwards  along  the 

Eiigligli  coast  they  fall  oflF  rapidly,  till,  at  the  last  spot  where 

^ejare  exposed,  they  are  less  than  200  feet  thick.    Again 

*^e  corresponding  beds  on  the  opposite  coast  of  France  show 

*  stiU  more  striking  decrease  m  thickness  in  the  direction 

^^  ^  Boulogne.     The  spot  where  the  beds  are  thickest  was 

®^dently  in  the  middle  of  the  estuary ;  the  fact  that  they 

tin  away  both  to  the  east  and  the  west,  shows  that  the 

^^ter  shallowed  in  those  directions,  or,  in  other  words,  that 

j^e  margins  of  the  estuary  lay  towards  those  quarters. 

*^e  estuary,  therefore,  in  which  these  beds  were  depo- 

^t^  stretched  across  Sussex,  and  its  shores  lay  to  the 

^ast  and  west  of  that  county, — that  is,  its  general  direction 

*'**xi  north  and  south.     That  the  soiirces  of  the  river  were 

^o  the  north,  and  that  the  ocean  into  which  it  discharged 

Itself  lay  to  the  south,  we  learn  from  the  following  con- 

^derations.    If  we  cross  the  channel  and  examine  the  cor- 

^"^sponding  rocks  in  France,  we  find  the  group  to  consist 

Q^ereof  alternations  of  beds  decidedly  estuarine  with  others 

^^ixdoubtedly  marine,  of  the  class  we  have  called  Thalassic  ; 

^   we  go  towards  the  south-east,  the  estuarine  portions 

^^^come  fewer  and  thinner  tiU  they  at  last  disappear  alto- 

S^^er,  and  at  the  same  time  the  marine  beds  gradually  lose 

^e  Thalassic  type  and  pass  into  Oceanic  Limestones.     We 

bttve  therefore  a  gradual  and  complete  passage  from  beds 

^nned  at  the  mouth  of  a  river,  through  alternations  of 

^toarine  and  Marine  strata,  into  rocks  formed  in  an  open 

Ocean. 

These  broad  facts  show  that  land  lay  to  the  north  and 
^*Peii  sea  to  the  south-east ;  and  by  the  aid  of  more  detailed 
^DserTations,  which  need  not  be  given  here,  we  can  restore 
^  a  very  close  degree  of  approximation  the  physical 
J^ography  of  the  country  at  the  time  this  group  was  being 
lonned.  To  the  north  lay  a  tract  of  land  covered  with 
Vegetation  and  inhabited  by  the  Iguanodon  and  other 
^^^eatores:  one  of  the  rivers  draining  this  continent  dis- 
jiarged  itself  through  a  long  narrow  estuary,  which  ran 
Jii  a  south-easterly  direction  across  the  south-east  of  Eng- 
land towards  the  centre  of  France  and  opened  out  there 
into  a  broad  ocean.  The  position  of  this  estuary  is  marked 
out  by  the  great  mass  of  beds,  almost  entirely  of  fresh  water 
origin  from  top  to  bottom,  in  the  south-east  of  England ; 
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\rhere  we  find  in  France  marine  beds  begin  to  come  in,  we 
know  that  we  have  passed  the  mouth  of  the  estuary  and 
are  getting  out  to  sea ;  and  when  we  find  these  Marine  beds 
gradiiallj  losing  their  Thalassic  character  and  putting  on 
Oceanic  type,  we  know  that  we  are  well  in  the  marine 


One  more  x>oint  calls  for  notice,  the  character  of  the 
Wealden  beds,  even  where  they  are  thickest,  proves  that 
-tliey  have  been  deposited  in  not  very  deep  water.    The  only 
-^ray  in  which  this  could  happen  was  by  a  gradual  sinking  of 
-the  land  during  the  period  of  their  deposition.     We  have 
ixidependent  evidence  that  such  a  sinking  did  take  place. 
Xminediately  above  the  Wealden  beds  there  lies  a  thin 
^Toup  of  strata  known  as  the  Punfield  Formation,  which 
oonsists  of  alternations  of  fresh- water  and  Littoral  Marine 
strata :  during  the  formation  of  these  rocks  then  the  sea 
XKiust  have  from  time  to  time   encroached  on  the  area 
:£ormerly  occupied  by  fresh  water.     Above  these  Punfield 
T>edfl  are  others  known  as  the  Lower  Greensand,  which 
a.xe  purely  marine ;  and  from  this  we  learn,  that,  by  the 
t3jne  these  last  came  to  be  formed,  the  sea  had  permanently 
oirerflowed  the  country.     The  evidence  therefore  all  con- 
spires to  show,  that,  during  the  formation  of  all  the  rocks 
"wre  have  been  reviewing,  the  land  was  going  down  :  that 
durinff  the  Wealden  period  the  sea  was  seldom,  if  ever, 
^lought  over  the  south-east  of   England ;   that  during 
I^imfield  times  it  advanced  over  part  of  that  district  and 
^^ceded ;  and  finally  that  the  country  was  completely  sub- 
^O.erged  during  the  deposition  of  the  Lower  Greensand. 

The  relations  of  the  rocks  just  described  to  one  another 
*^ve  been  thrown  into  the  form  of  a  diagram  in  Fig.  33. 

0. — ^Lacustkine  EoCKfl. 

The  deposits  formed  in  fresh-water  lakes  and  those  of 
^^iland  seas  have  some  points  in  common,  which  may  be 
^^nsidered  before  we  come  to  the  characters  which  are 
Peculiar  to  each. 

The  sediment  brought  into  a  lake  is  usually  supplied  by 
•^eral  rivers,  which  enter  it  at  different  points,  which 
^*^y  run  over  rocks  of  very  different  character,  and  may 
^«iy  much  in  their  transporting  powers.  From  this  cause 
*^J«U8tpine  deposits  will  show  both  in  a  horizontal  and  ver- 
"C«l  direction  very  marked  and  often  very  sudden  changes 
o!  cliaracter.     The  coarser  matter  will  be  thrown  down 
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in  dfltoB  at  iho  mouth  of  earh  Htream,  and  thus  fan- 
masiteB  of  Conglomerate  will  accuuiulate  evety  here 
there  alon^  tht"  edffe  of  the  water.     When  we  hav 
deal  with  a  moss  of  Lacustrine  beds,  we  may,  hy  noting  -^S 
the  position  of  thfse  delttia,  tix  the  boundaries  of  the  8h<n-Z»  -^^^ 
of  walOT  in  which  it  was  accumulated.     The  more  finpl.^^T^V 
divided  materialB  will  travel  further,  and  will  to  a  T'fTfni"  m"   '" 
extent  get  mixnd  together,  before  they  roach  the  bottoaz-^czMU: 
and  thus  the  central  ports  of  the  dejioeit  will  be  mor^wr^DW 
ujiifomi  in  character ;  out  even  here  there  may  well  Im::^  "^ 
numerous  alternations  of  beds  diiferiug  in  colour,  compc:»-*'J*'*' 
sition,  and  t«iturp,  for  it  is  probable  that  all  the  iuflowin, -«:^^-'°S 
streams  will  not  bo  at  their  fullest  at  the  same  time,  an  mtml  .aB^ 
the  one  which  has  the  greatest  volimio  and  velowty  wili    ^"^ 
bring  in  and  spread  further  its  own  peculiar  Bediraent,  an.*:*^-^*'*  , 
give  rise  to  a  layer,  which  will  partake  more  largely  c*       ~^  ?„ 
the  charactiT  of  the  sediment  of  that  stream  than  of  IhjtrC*    "^  .t 
others.     When  the  turn  of  the  nest  stri'iini    i-ntu^--.  it  wili  "^^"*.^ 
lay  on  the  ti.p  of  this  a  stratum,  in  which   tin-  di-.tii:i.-tiv-^-«  ^"^'^ 
oliaractf  r  of  the  sedimimt  nlucb  it  brings  dnwiinill  i'l't'--.''*' t!!, 
rail,   and  so  on.    Many  Lacustrine  formations  do  sho^*^-*^]^ 
numerous  alternations  of  their  beds  of  different  charactei^r^'^^^V 
and  it  is  probable  that  it  is  for  the  reason  just  given.    Ala»^*'-^^ 
we  must  oear  in  mind,  that  the  streams  cannot  cany  evev^^^^^ 
fine  sediment  beyond  a  certain  distance  from  their  moutha^**"^  _  . 
and  hence  the  beds  will  not  spread  each  of  them  over  th***** 
whole  of  the  bottom,  but  will  dovetail  into  one  another  iit*  Jj-i, 
a  wedge-shaped  fashion.     The  peculiarities  just  deecrihpcy^fc^^    ° 
are  well  exemplified  in  the  Lacustrine  deposits  of  Anvergne  ^  *:■■  'S» 
which  the  reader  will  find  described  in  Lyell'e  "  Manual-^-*-'^'"'' 
of  Geology"  (6th  ed.),  p.  220. 

When  the  wJter  of  a  lake  is  low,  the  Burfaoea  of  th*-**-"^* 
deposits  fonuing  in  it  are  sometimee  laid  dry,  and  thet*^^/* 
become  impressed  with  rain-pittings,  sun-cracks,  and  othet^^^*' 
such  markings,  which  we  have  already  seen  are  produoec::^^ 
'■"  other  deposits  under  similar  circumstances.- 


upon  the  top  of  tliis  a  stratum  equally  tl 
comijosition.  Thus  the  deposit  will  be  subdivided  into  a 
large  nimiber  of  very  thin  beds,  and  will  contrast  strongly 
with  the  more  thickly-b^ded  and  umform  acoumulationa 
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of  a  Thalassicor  Oceanic  area.  Fi^.  6  gives  an  instance 
of  this.  In  the  upper  fifteen  feet  mere  are  no  le^A  than 
nine  alternations  of  rock,  each  occurring  in  thin  layers, 
vrhidi  in  some  cases  are  further  subdivided  into  laminae  of 
exceesive  tenuity ;  this  portion  of  the  section  is  of  Lacus- 
trine or  Estuarine  origm.  The  lower  twenty-three  feet, 
vrhicli  consists  of  Marine  rocks,  shows  only  four  subdivi- 
sionSy  more  massive  and  blocky  in  their  structure. 

nresli-vater  lACiutrine  Deposits. — Such  being  the 
general  character  of  aU  Lacustrine  formations,  we  must 
aext  consider  what  are  the  peculiarities  which  enable  us 
to  distinguish  those  deposited  in  fresh-water  lakes.      All 
Lacustrine  beds  resemble  those  of  Estuarine  origin  in  many 
respects,  they  show  the  same  general  irregularity  both  in 
tKe  composition  and  arrangement  of  the  deposit,  give  the 
Bajne  proofs  that  the  surfaces  of  the  beds  have  been  occa- 
aionaUy  exposed  to  the  air,  and  contain  the  remains  of 
£re8h- water  and  terrestrial  plants  and  animals.     But  there 
is  this  difference  between  the  two :  Estuarine  formations 
usually  contain  beds  with  brackish  water  or  marine  shells 
interstratified  with  those  in  which  fluviatile  forms  alone 
oorur,  or  beds  yielding  a  mixture  of  marine  and  fresh- 
water forms ;  such  are  of  course  absent  from  the  deposits 
of  a  lake  to  which  the  sea  never  gains  access.    But  in  many 
cases  the  sheets  of  fresh  water,  in  which  Lacustrine  forma- 
tions have  been  laid  down,  have  been  from  time  to  time 
invaded  by  the  sea,  and  the  result  has  been  just  such  alter- 
'witions  of  fresh  and  salt  water  deposits  as  we  meet  with 
^ttiiong  Estuarine  beds.     In  a  case  like  this,  if  only  frag- 
^^aents  of  the  deposit  have  been  preserved,  it  wiU  be  im- 
possible to  say  to  which  class  they  snould  be  referred :  but  if 
the  formation  has  come  down  in  anything  like  an  entire 
<^dition,  the  following  considerations  enable  us  to  decide 
this  point.    Estuarine  formations  will  pass  in  a  certain  direc- 
tion into  those  of  a  purely  marine  origin ;  we  found  tliis  to  be 
4e  case  for  instance  with  the  Wealden  Rocks  of  England. 
^  deposits  formed  in  bodies  of  fresh  water,  though  there 
'^y  fie  marine  intercalations,  we  shall  never  observe  the  for- 
^on  as  a  whole  to  pass  laterally  into  one  entirely  marine, 
^rther  if  a  Lacustrine  deposit  be  entire,  we  shall  find  all 
'oirnd  its  edges  a  ring  of  shore  formations,  Conglomerates, 
^d  similar  coarse  rocks,  among  which  the  deltas  of  the 
^^^flowinc;  streams  will  be  specially  conspicuous :  in  a  delta 
the  similar  rocks  will  tend  to  be  crowded  round  one  spot, 
^  the  liver's  mouth.      Li  the  one  case  the  directions  in 
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which  the  deposits  tend  to  become  finer  in  grain  will  con- 
verge towards  a  centre,  the  middle  of  the  lake ;  in  the  othet 
they  will  spread  out  like  a  fan  from  a  centre,  the  mouth  oi 
the  river. 

A  purely  fresh-water  formation  will  contain  only  fresl^' 
water  fossils,  but  there  are  every  now  and  then  exceptioi*^ 
even  to  this  rule.    For  instance,  marine  crustaceans*  ha^^® 
been  dredged  up  from  the  depths  of  the  large  Americ^*^^ 
lakes,  and  their  remains  may  well  get  mixed  up  with  thc^*^ 
of  fresh-water  creatures  in  the  deposits  now  loiming  b^ 
neath  those  bodies  of  water. 

Besides  the  ordinary  types  of  mechanical  deposits 
following  kinds  of  rock  are  worth  notice  as  often 
in  Lacustrine  beds.    Chemical  precipitates  of  Carbonate 
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Lime  and  Silica  maybe  formed  when  springs  largely  chaig^f^^^Tt?! 
with  these  substances  burst  out  on  the  ba^s  or  beneath  *^^*\L 
waters  of  the  lake,  but  the  amount  held  in  solution  must  1^^  Jv 
considerable  in  order  to  produce  precipitation ;  this  is  oftt-^  ^v 
the  case  in  districts  where  volcanoes  either  are  or  have  be^^  « 
active.  Semi-orgauic  formations  also  occ\ir,  such  as  the  She^^  ' 
Marls  of  some  small  lakes  in  Scotland,  which  have  ^  — ^^ 
filled  up  by  the  deposition  of  sediment;  these  beds 
described  by  Lyell  as  consisting  almost  entirely  of 
shells  of  fresh- water  testacea  decomposed  into  a  pulve 
lent  marl.  Some  lakes  swarm  with  Diatoms,  the  siliceou^-^f 
cases  of  which  accumulate  on  the  bottom  and  give  rise  t 
the  deposits  of  Tripoli  or  polishing  stone :  in  other  cas 
Diatoms  extract  iron  from  the  water  and  cause  the  forma  — - 
tion  of  Iron  ores. 

The  Lacustrine  deposits  of  Auvergne  furnish  a  gooC^ 
instance  of  a  purely  fresh- water  dej)08it ;  while  the  Molass^ 
of  Switzerland,  of  which  the  reader  will  find  a  full  descrip- 
tion in  Lyell* 8  **  Elements  of  Geology,"  chap,  xv.,  is  a  fine 
example  of  a  formation  in  the  main  of  fresh- wat^r  origin 
but  containing  marine  intercalations.  There  are  also  very 
extensive  Lacustrine  formations  in  the  western  states  of 
North  America. t 

Salt-water  Lacnutrine  Bocks. — The  one  conspicuous 

*  These  lakes  were  probably  modate  themnelves  to  the  change 

originally  bodies  of  salt  water  cut  and  linger  on  in  their  deepest 

off  from  the  ocean  by  the  up-  parts. 

heaval  of  barriers  of  land,  and  f  See  San  Pictures  of  the 
have  since  been  freshened  by  Rockv  Mountains,  by  Prof.  F.  N. 
the  water  poured  into  them  by  Hay  den,  chap,  vii.,  and  the  Re- 
rivers.  Some  few  marine  crea-  ports  of  the  U.  S.  G^logical 
tures  have  been  able  to  accom-  Survey  of  the  Territories. 
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itnre  wliich  characterises  deposits  formed  in  inland  bodies 
salt  water  is  the  presence  of  great  masses  of  chemical 
Mapitates,  such  as  Kock  Salt.  Gypsum,  and  Dolomite, 
[i  is  a  significant  fact  that  tiliese  forms  of  chemical 
posit  are  in  very  many  cases  associated  together,  and 
it  the  beds  in  which  they  occur  are  either  altogether 
rren  of  fossils,  or  contain  only  the  remains  of  land 
nts  and  of  terrestrial  or  amphibious  animals,  or,  if  there 
.  «ay  marine  f oniu.  in  them,  theee  are  few  in  number 
I  have  a  dwarfed  and  unhealthy  look.  At  the  same 
le  those  rocks,  which  are  proved  by  the  presence  of  an 
mdance  of  well-developea  marine  fossils  to  have  been 
med  in  the  sea,  rarely  contain  in  any  quantity  the  salts 
ich  sea  water  holds  in  solution.  The  meaning  of  these 
tB  has  been  already  hinted  at.  It  is  extremely  impro- 
>le  that  an  open  ocean  can  ever  become  sufficiently 
uxated  with  matter  in  solution  to  allow  of  precipitation 
ing  place ;  while  on  the  other  hand  this  is  the  result 
it  must  happen  in  closed  bodies  of  water,  and  may 
ppen  in  those  which  have  an  outlet  if  the  evaporation 
excessive. 

We  shall  better  realise  the  much  higher  state  of  concen- 
;tion  that  obtains  in  closed  bodies  of  water  than  in  open 
iy  by  contrasting  the  two  following  analyses  of  the 
ien  of  the  Mediterranean  and  Dead  Sea : — * 


Chloride  of  Sodiam    • 
Chloride  of  Magnedum 
Chloride  of  Calcium   . 
Chloride  of  Potash     . 
Sulphate  of  Lime 
Sulphate  of  Magneaiam 
Bromide  of  Soditim    . 
Oarbomite  of  Lime 
Carbonate  of  Magnoaia 
Peroxide  of  Iron 

Total  Bolid  contents 


Meditemiiean. 
2-9460 
0-3223 


0-0605 
01367 
0*2480 
0-0668 
00113 

00004^ 

8-7698 


Dead  Sea. 

12*110 

7-822 

2*466 

1-217 


0*462 


24-066 


On  this  head  Mr.  Sorby  has  some  very  pertinent  remarks. 
B  states  '^that  some  very  solid  Dolomites  contain  even 
>w  about  one-fifth  per  cent,  of  salts  soluble  in  water, 
Uorides  of  Sodium,  Magnesium,  Potassium,  and  Calcium, 
^  Sulphate  of  Lime,  which  are  doubtless  retained  in 

*  Bamsaj,  Nature,  vii.  313.  the  papers  of  this  author.  Quart, 
keoimection  with  this  subject  Joum.  GeoL  Soc.,  xxviL  189 
^  itodent  should  also  conbult      241. 
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minnte  ■  fluid  csvitiea. '  TLeae  must  have  been  produt 
at  the  Munc  time  as  the  Dolomi1«.  and  caoKht  up  eame  ^  • 
the  «olutioti  then  ynheat,  which  id  thug  indicAted  to  ha"-^^**' 
been  of  ■  briny  cuancter."  But  hn  also  states  that  eoiE=C^^ 
Dolomitea  yet  abow  tnc«e  of  bsgments  of  organic  bodi^»  ^~^n 
and  would  appear  to  be  made  up,  in  part  if  not  whoILtX*^ 
of  comminuted  and  decayed  ealciu'eouA  organisms,  and  -t^, 
hare  been  subsequently  altered  into  Iteloiuite,  possibly  H"  "^■tS 
the  infiltration  of  Magneeian  Suits  of  sea  water,  when  m^'^ 
had  been  so  far  eoncentrated  that  Rock  Salt  was  dopositedi*'*^  -" 
In  the  latter  ease  we  may  suppose  that  the  water  was  f»^  ^^ 
a  time  sullicieiitly  free  from  dissolvi^d  matters  to  eHo*:^^' 
of  the  ejiistence  of  animal  life  and  the  growth  of  orgmuC*^-**^ 
Limestone,  and  that  afterwards  the  area  was  fluuded  rf  ^^ 
a  (oneentrated  solution  which  trtuiafonnfid  the  Limestorx*^*'** 
into  Dolomite  by  percotating;  through  it.  Or  it  may  U  "^ 
that  some  hardy  creatures  mana^^ed  to  etru^le  on  in  HxS-^  ' 
eoncentrated  solution  and  their  remains  were  buriod  in  tfacS^  ' 
precipitates.  We  shall  have  iDore  to  say  about  Dolomit^**-*^ 
produced  by  the  altoratiou  of  Limestone  in  the  chapter  o.O  *** 
"  Kletomorphism." 

The  peculiar  diaracter  of  the  fossils  found  in  chemicollXX'^*^ 
formed  rocks  is  also  eaeity  e^lained.  Water  highlX'f'^3 
charged  with  the  salts  required  for  the  formation  of  sm:^^^*^^ 
rotks  is  very  unsuitable  fvir  the  mainlennDoe  of  animal  liff>'li-t 

in  their  growth  and  deformed  in  shape  by  the  trying  ooixxO^> 
ditions  under  whidi  they  are  placed. 

On  these  general  grounds  then  we  may  fairly  look  upocxi-^ 
rocks  possessing  the  characters  just  described  as  mnrVin  rr  r-d: 
the  site  of  old  inland  seas,  which  may  have  been  originalUX-^-" 
fresh-water  lakes  that  grew  salt  because  they  had  no  outlef^-CJ'' 
or  may  have  been  portions  of  the  sea  that  hod  their  conx<:»** 
nection  with  the  main  ocean  severed  by  the  upheaval  of  'i** 
barrier  of  land.  The'  latter  erplaoation  most  be  adopte^*^*X 
when  the  fossils  ore  marine. 

Bed  Colonr  of  Inland  Saa  Dtpositi. — The  rocks,  ii:  ^^ 
which  chemically  formed  deposits  occur,  are  in  a  veiy  larg^*^*-** 
majority  of  cases  of  a  red  tint ;  and,  when  they  arV>^* 
minutely  examined,  it  is  found  that  they  are  not  red  al  **  ^  ' 
through,  but  that  the  colour  is  owing  to  a  thin  coatiD|[  oO  ' 
ahhy<&ous  Peroxide  of  Iron  which  oovere  each  grain,  a*^^  "' 
that,   if  we  looked  at  a  thin  transparent  sectioii  with  e  ' 

*  liepatt  of  Brituh  A«aoc.,  ISM,  TruMotions  of  Sactionr,  p.  77. 
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Hiieroscope,  we  should  see  a  number  of  particles  red  outside 
and  Bome  other  colour  inside.  It  is  dear  from  this  that 
I^«nndde  of  Iron  must  have  been  present  in  lar^  quantity 
^  the  water  in  which  these  rocks  were  depositeo. 

And  there  is  nothing  surprising  in  this.    There  is  scarcely 

^  rock  in  which  Iron  is  not  present  under  some  form  or 

^>t]ier,  and  many  rocks  contain  it  in  large  quantity ;  many 

^^  its  compounds  are  readily  peroxidised  by  exi)08ure  to  the 

"^  *  r,  by  the  action  of  water,  and  by  other  chemical  reactions, 

hence  all  surface  streams  are  liable  to  carry  in  sus{>en- 

^^  Peroxide  of  Iron.     It  is  highly  probable  therefore  that 

^^  substance  will  be  plentifully  carried  into  all  lakes ;  and 

^      the  case  of  closed  bodies  of  water,  if  it  come  in  in  a  fine 

te  of  division  so  that  it  can  remain  a  long  time  in  sus- 

jsion,  it  will  accumulate  and  increase  in  quantity,  just  in 

le  same  way  and  for  the  same  reason,  as  the  salts  held  in 

Solution.     We  can  readily  understand  then  why  it  is  that 

beds  and  chemical  deposits  so  ve^  generally  go^gether, 

why  inland  sea  deposits  are  so  very  generally  red.* 

^ut  it  will  be  hardly  safe  to  go  as  far  as  Prof.  Bamsay 

ijns  inclined  to  do,  and  assume  conversely  that  red  colour 

in  itself  a  proof  of  inland  sea  origin.     It  is  a  strong  pre- 

ion  that  way,  but  requires  confirmation  by  other 

There  can  be  no  difficulty  in  understanding  how 

beds  may  be  formed  beneath  the  sea.     The  waste  pro- 

by  the  denudation  of  red  rocks  will  be  red,  and,  when 

dted  on  the  sea-bed,  will  give  rise  to  marine  rocks  of  a 

colour.     And  now  that  the  Challenger  sounding^  have 

le  ufi  acquainted  with  the  vast  deposits  of  red  cluEiy  that 

in  process  of  formation  beneath  me  deepest  part  of  the 

the  idea  that  all  red  beds  are  necessarily  of  inland 

origin  cannot  be  entertained  for  a  moment.     Bed  beds 

therefore  be  formed  under  any  conditions ;  and,  as  the 

^fx^sence  of   Peroxide  of  Iron  in  any  quantity  generally 

Qnves  away  animals,  they  will  seldom  contain  fossils  enough 

^o  enable  us  to  determine  whether  they  are  marine  or  not : 

^^   is  to  the  rocks  associated  with  them  that  we  must  look  if 

"^e  want  to  solve  this  problem. 

The  surfaces  of  red  beds  are  often  blotched  over  with 

^Ine  and  c;reen  patches,  and  sometimes  blue  and  green 

Ikuds  are  mterstratified  with  them,  and  the  faces  of  the 

joints,  and  the  portions  of  the  rock  in  the  immediate  neigh- 

*  There  is  a  good  account  of      cation  de  la  Carte  G6ologiqae  do 
the  Uflodation  of  red  beds  with      la  France,  ii.  90 — 94.    See  alBO 
chfimittl  dapo8ito  in  the  ExpU-      Katnre,  vi.  142,  242. 
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hourliood  of  these  planea  of  division,  show  tho  some  colonn 
It  is  probable  that  tlie  cluuig^e  in  hue  has  been  produced  h 
the  action  of  Tegetabla  acidn  arising  from  Ufcompoein: 
plants,  which  rob  the  red  colourings  matter  of  part  of  il 
oxygen  and  convert  it  into  lower  states  of  oxidation.  Th 
beile  are  also  sometimes  traversed  by  tubular  pipes  wbic 
may  have  been  formed  by  the  escape  of  gnses  generate 
from  the  same  cause.*  The  pseudomorphic  ca^ts  of  ea. 
crystaJa,  already  mentioned  sei-eral  times,  are,  as  might  I 
expected,  very  common  on  tho  surface  of  red  beds  assooiata 
with  deposits  of  Eoek  Salt;  we  often  find  other  curioi: 
warty  protuberances,  which  are  sometimes  like  flattene 
spheres,  sometimes  oreecont-sbaped,  and  sometimes  take  lei 
regular  forms.  These  are  probably  cavities  produced  b 
the  dissolution  of  effloresced  masses  of  salt,  which  wei 
afterwards  filled  in  by  mud  or  sand.t       . 

The  red  colour  of  inland  sea  deposits  is  one  cause  of  thoi 
miC.s'.iliiVroiis  (lianKtor.  rerosidi-nf  In,u  in  watir  i->  fal: 
to  the  ammals  living  in  it :  water  charged  with  it  comin 
from  mines  kills  the  fish  in  the  rivers,  and,  if  it  reaches  tt 
sea,  tho  murine  creatures  ily  before  it.  Sir  H.  De  la  Beet 
has  pointed  out  that  the  animals,  which  live  on  the  eea-bei 
cannot  exist  upon  a  bottom  of  red  mud  ;  but  that,  if  tb 
water  above  be  clear,  fishes  could  swim  about  in  it  ;  J  ar 
this  is  the  reason  why  the  latter  are  found  fossil  in  soia 
red  bods  where  the  remains  of  mollueca  are  scarce  • 
altogether  absent.  If  there  were  intervals,  during  whic 
no  sediment  was  brought  down,  the  water  might  becon 
bright  enough  to  tempt  fi^h  into  it,  and  on  irruption  of  ra 
mud  might  kill  and  bury  them,  and  so  they  would  1 
preserved  in  a  perfect  state. 

FrocoBsea  by  which  Chemical  Dapoiita  m»y  hai 
beea  fbrmed. — Considerations  such  as  have  been  ju 
brought  forward  certainly  lead  to  the  belief  that  tho  massi 
of  rock,  generally  red,  with  which  Bock  Salt,  Gypsmn,  ar 
Dolomite  are  associated,  were  deposited  partly  by  preeipit 
tion  from  saturated  solutions  in  inland  seas.  But  it  is  I 
no  means  an  easy  task  to  trace  out  all  the  steps  of  tl 

*  De  III  Beche,    MemoirB    of  Phil.  Soc.  of  Uuichaater,  vol.  zi 

Qsological  Survey  of  Great  Bn-  Geology  of   the  country   rotu 

tain,  i.   63  ;  Haw,   Qnut.  Joam.  Stockport,    (Uenu.    of     Oeolo| 

Oeoi.  3oc.  of  Iiondon,  ixir.  351;  Burrey  of  Engluid  and  WaJa 

DaveOD,  Ibid.,  v.  25.  p.  36  ;  see  ulio  jHhrbucbder  k. 

t  Mr.  Binney  has  noticed  Ueol.  lieich&onstalt,  ixiii.  25 
theee  on  the  Burbc«  of  beds  of  X  Memoirs  of  the   Geologic! 

Fenoliia  Mar!,  Menu  of  Lit.  and  Surrey  of  Great  Britain,  i.  SI. 
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process,  and  to  say  what  were  in  each  case  the  exact 
chemical  reactions  by  which  the  result  was  brought  about. 
Bock  Salt. — ^For  Bock  Salt  mere  evaporation  will  suffice, 
hi  such  a  case  as  the  Great  Salt  Lake  of  Utah,  into  which 
men  run  but  from  which  none  run  out,  where  the  streams 
flow  over  a  country  on  the  surface  of  which  salt  is  con- 
stantly efflorescing  from  below,  and  when  the  evaporation 
18  greater  than  the  supply,  deposition  of  salt  must  so  on. 

Again  in  cases  when  an  area  is  periodically  inundated  by 
the  sea  and  then  left  dry,  or  where  portions  of  sea  water 
Me  cut  off  from  the  main  body  by  temporary  barriers,  such 
as  shiogle-banks,  sand-dunes,  or  the  upheaval  of  a  land 
harrier,  evaporation  woidd  produce  deposits  of  Salt ;  and, 
if  the  process  be  repeated  often  enough  and  gentle  subsi- 
dence go  on  meanwhile,  any  thickness  may  be  accumidated. 
One  instance  of  this  kind  is  found  in  the  Runn  of  Cutch 
mentioned  by  Lyell  (Elements,  6th  ed.  p.  446 ;  Principles, 
lOthed.,  vol.  ii.  p.  98.)*  The  great  deposits  of  Rock  Salt 
m  the  Bitter  Lakes  of  the  Isthmus  of  Suez  seem  also  to  be  a 
<^e  in  point.  This  bank  is  estimated  to  have  contained 
^70,000,000,000  kilograms  of  salt,  its  superficial  area  is 
•hout  66,000,000  square  metres,  and  it  is  composed  of  layers 
^Wying  in  thickness  from  5  to  25  centims.  The  basin  in 
^hich  this  deposit  lies  seems  to  have  been  every  now  and 
then  filled  by  inundations  from  the  Red  Sea,  and  during 
fte  intervals  Ijetween  two  successive  incursions  evapora- 
tion concentrated  the  solution  and  threw  dowTi  a  layer  of 
fialtt 

There  are  two  other  common  rocks,  which  have  most  pro- 
bably in  many  cases  been  formed  by  chemical  action — -JDo- 
lomite|  and  G^ypsum.     It  so  very  frequently  happens  that 
these  two  rocks  are  found  together,  that  it  is  likely  that  in 
many  cases  they  were  produced  at  the  same  time  and  by 
the  same  reaction,  and  that  the  formation  of  the  one  was 
necessarily  accompanied  by  the  production  of  the  other. 
In  other  cases  we  meet  with  large  masses  of  Dolomite 
which  are  not  accompanied  by  Gypsum,  and  Gfypsum  not 
associated  with  Dolomite. 

Various  attempts  have  been  made  to  imitate  experi- 
mentally the  processes  by  which  Dolomite  may  be  sup- 

•  Also  Sir  BarUe  Frere,  British  %  ^or  shortneas  I  use  this 
AModatioii  Beports,  1869,  Trans-  torm  here  to  include  not  only- 
act.  Sections,  p.  163.  true   Dolomite,    but    Dolomitic 

t  Comptes  Bendus,  June  22,  and   MAgnesian   Limestones   as 

1874.  welL 
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posed  to  have  beeo  produced  by  precipitation  from  ii  8ol« 
tJOB  of  Salts  of  Limo  and  Hagrieeia ;  but  the  effects 
chemisls  in  this  direction  have  not  aa  yet  been  particula^- 
euccesaful.     Several  of  the  propoeed  reactionB  are  cleocr 
inailmiaeible,  becdtise.  though  the  experimenters  have  bjim 
ceeded  in  throwing  down  either  Dolooiite  or  a  mixture 
the  Carbonatoe  of  Lime  and  Magnesia,  they  were  oblig-i 
to  employ  temjieraturea  and  pressures  far  greater  than  "^ 
are  at  liberty  to  suppose  prevailed  during  the  formation 
actual  Dolomite.* 

Among  the  methods  which  naturally  su^ieet  themsel^ 
as  likely  to  have  produced  Dolomite,  the  one  that  dzJ 
occurs  to  the  mind  is  precipitation  from  the  waters 
mineral  Bpringe.  Cases  where  lifagnesian  limostones  ar^ 
possibly  Doh)mite  Limestones  have  been  thus  formed  e^ 
known ;  f  but  it  is  not  certain  that  Dolomite  can  be  form—" 
dJTRctly  in  this  way.  Biscln>l"s  experiments  ratlier  tend^ 
to  show  that  tiiis  was  not  likely.  When  he  attempted 
jirecipitato  Carbonate  of  Lime  and  Carbonate  of  Magnes^ 
logt-tlier  by  evaporation  from  a  solution  in  water,  he  fouitf 
that  the  first  saJt,  because  it  was  the  least  soluble,  was  0 
first  thrown  down  almost  exclusively ;  then  a  mixture  c^ 
the  two  salts  was  precipitated,  and  then  Carbonate  of  Mag 
nesia  alone ;  and  he  thought  a  deposit  produced  in  this  wa^ 
would  consist  of  Limestone  at  the  bottom,  possibly  a  litU< 
Dolomite  in  the  middle,  and  Carbonate  of  Magnesia  at  thi 
top.^  It  is  worthy  of  notice,  however,  that  he  speaks  o: 
the  strong  "tendency  to  the  formation  of  double  salti 
which  characterises  magnesia ; "  and  it  is  possible,  that  even 
supposing  the  two  carBonates  to  be  precipitated  separately, 
this  tendency  might  lead  them  afterwards  to  rearrangt 
themselves  and  form  Bitter  Spar.  Li  connection  with  thu 
part  of  the  subject,  an  observation  of  Sterry  Hunt's  alsf 


encea  *t«  aecond-hand,  and  I  ban 
not  been  nbis  to  verify  thcnn.  6« 
iCao  BiBchofB  Cbemical  Qeology 
iii.  cbap.  G3;  NBaniann*sQei>giti> 
Bie,  i.  pp.  S23,  714  ;  Zirkel,  P«tro. 
graphie,  i.  243. 

t  Litbig  and  Koj^  Jahnw. 
bericht,  1853,  p.  629  ;  Xa<>nhanl'i 
Jahrbuch,  1838,  p.  62,  1840,  p. 
372;  Zirkel,  Petrographie,  i. 
243 ;  Naiunann,  Qeognosie,  i 
623,  flote,  714.  no<e. 

t  Chemical  Oeoli^7,ui.l67,lG9 


by  F»reMtiiiniaer,  Ann.  de  Cbem. 
et  PhjB.  xiiiL.;  A.  Favre  and 
Marigttae,  Leonhard's  Jahrbuch, 
184e,  p.  472,  BuU.  Soc.  G&il.  de 
France,  2nd  ger.  vi.  318  ;  Baidin- 

C;  Pogscnd.  Annal.  liiiv.  691 ; 
onhnrd's  jHhrbuch,  1847,  p. 
8S2 ;  Morlot,  Leonhurd's  Jobr- 
buch,  1847,  p.  862,  Lieblg  and 
Knpp,  JiitirGabericht,  1848,  ii. 
fiOO.    Some  of  the  above  refer- 
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^^Bems  important.  In  repeating  an  experiment  of  Marignac's, 
^«  found  tliat  Carbonate  of  Ma^esia  is  quite  ready  at  the 
^^miU  of  iU  formatum  to  unite  with  Carbonate  of  Lime  into 
J^domite ;  but  when  he  substituted  Magnesite  for  newly 
^cinned  Carbonate  of  Magnesia,  he  found  that  it  showed  no 
^^ch  aptitude  to  combine  with  the  Carbonate  of  lime.*    It 
^^ould,  therefore,  seem  to  make  all  the  difference  in  the 
^^^d  in  this  case,  whether  the  Carbonate  of  Magnesia  is 
'"^      its  ordinary  condition,  or  whether  it  is  newly  set  free 
combination  or  newly  formed ;  in  the  first  case  there 
be  no  tendency  to  form  Dolomite  with  any  Carbonate 
^^^  lime  that  may  be  present,  in  the  second  the  union  with 
'"^Oolomite  may  take  place. 

,^  Dr.  Steny  Hunt  has  given  special  attention  to  the  sub- 
^  -^Bct  now  before  us,  and  he  has  suggested  two  reactions, 
^^::*»y  one  of  which  Dolomite  alone,  and  by  the  other  Dolo- 
ite  and  Gypsum,  may  be  produced  by  precipitation.! 
The  first  method  he  suggests  is  as  follows: — ^When 
line  water  containing  Bicarbonate  of  Soda  in  solution 
upon  sea- water,  the  soluble  salts  of  lime  and  ma^esia 
^^ontained  in  the  latter  are  decomposed.  The  lime  salts  are 
acted  upon,  and  Carbonate  of  lime  is  precipitated 
by  two  or  three  hundredths  of  Carbonate  of 
When  this  has  been  effected,  a  solution  of 
»nate  of  Magnesia  remains,  which  on  eyai)oration 
.epofiits  Hydrated  Magnesian  Carbonate. 
He  remarks  that  the  separation  of  Magnesian  Carbonate 
not  suppose  a  high  degree  of  concentration,  and  may 
LYe  gone  on  when  aTiimal  life  was  present,  so  that  mag- 
<:«ian  beds  formed  in  this  way  may  be  fossiliferous. 
lore,  however,  precipitation  could  take  place,  a  degree 
concentration  would  probably  be  arrived  at  greater  than 
which  animals  can  bear,  and  a  more  or  less  sudden 
.^straction  of  the  forms  of  life  would  occur,  giving  rise  to 
deposit  abundantly  fossiliferous.  'V\Tien  the  water  had 
cleared  by  precipitation,  fresh  individuals  might 
into  it,  to  be  in  their  turn  destroyed  and  entombed 
^Iwa  a  state  of  saturation  was  again  arrived  at. 

Again  Dr.  Hunt  has  suggested  the  following  as  a  method 
^y  which  Dolomite  and  Gyi)simi  may  be  formed  together. 
When  water  containing  Carbonate  of  Lime  is  mixed  with 
S'll^te  of  Magnesia,  it  gives  rise  by  double  decomposi- 

*  8illiman*t  Joum.,  2nd  ser.       xxnii.  170,  365.     Report  on  the 
*»^  IW.  Geology  of  Canada  to  1863,  p. 

t  8minum*a  Joum.,  2nd  ser.      675. 
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tion  to  Carbonate  of  UngTL««la  and  Sulphate  of  Lint?.     

Hn&t  found  that,  if  tlie  solndon  be  cnacentrated  b^  era^x3- 
ration,  Gypsum  it,  first  thrown  down,  the  Carbonate  of 
UagTtesia  remaining  dissolved.  If  now  an  additic>x3.^il 
eupjily  of  urater  holding  Carbonate  of  Lime  in  solution.  T>e 
furnished,  further  evapoistioa  may  cause  the  two  cat-tx> 
nates  to  fall  down  in  a  rtate  of  iutermisture.*  and  tha,^  a 
precipitate  containing  the  elements  of  Dolomite  will  l»* 
obtained. 

It  will  be  noticed  while  both  these  reactioiiB  give  us  -tlio 
elemeuls  of  Dolomite,  neither  of  them  produces  dire«z5*ly 
Dolomite  itself.  The  union  of  the  carbonates  into  ti^:"*** 
Doliimito  or  Dolomitic  Limeetonev,  Dr.  Hunt  tUnks,  n»-"**^ 
have  beeu  brought  about  aft«rwardB  by  the  aid  of  prees  -^tir* 
and  lemporature,  but  he  etates  that  the  lowest  temperot  ^»''* 
at  which  the  combination  can  be  eScot«d  has  not  b-^^*^*^ 
Bscertnined.  Bearing  in  mind  the  tendeiwrr  townrda  — the 
fomiiitioii  iif  diiiil)lo  snltrt  whji.'h  mitgn.^sia  is  stated  to 
hibit,  it  eeems  not  impossible  that  combinatdoa  may  ti 
place  slowly  by  .simple  chemical  affinity  without  the  ai^^B  ^ 
any  very  large  amount  either  of  pressure  or  beat. 

We  cannot  say  then  that  the  problem  of  forming  DczzzdI*** 
mite  by  direct  precipitation  has  yet  been  solved.  It  ji  "^ 
not  been  found  possible,  under  the  conditions  which  ** 

can  command,  to  effect  this  experimentally ;  but  it  by *** 

means  follows  that  such  a  method  of  formation  ia  imit^^^?"** 
Bible :  the  ingenuity  of  chemists  has  hardly  exhausted  ev-  "*? 
possible  combination  that  might  lead  to  such  a  result ;  K^z^^-'^r' 
even  were  this  the  case,  it  is  perfectly  possible  that  "  *T* 
necessaiy  conditions  may  be  such  as  we  cannot  imitat^^^  ^. 
our  labojatories.  In  fact,  imperfect  as  has  been  at  pres-  -— ^*'' 
the  success  of  experimenters,  they  have  got  quite  ^^ 

enough  to  justify  the  belief  that  the  process  coneiste 
some  reaction  between  calcareous  and  magnesian  salts 
solution.  What  those  salts  were,  and  what  was  tlxe  ei. 
nature  of  the  reaction,  have  yet  to  be  learned. 

There  are  other  Dolomitic  and  M^nesian  L 

which  have  been  formed  by  the  alteration  of  ordinary  linr::^^^ 
stone.  These  will  be  treated  of  in  the  chapter  on  Me^^^ 
morphio  Eocka. 

We  have  already  seen  our  way  in  a  dim  sort  of  fas}u< 
to  a  method  by  which  Gypsum  and  Dolomite  might 
formed  together ;  we  have  yet  to  explain  the  origin  of  gr^^' 
*  Bifchof*  eipgrimanl*,  dMcribed  ■  liltla  way  Wk,  seem  agu^^ 
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amasses  of  Gypsum  unaccompanied  by  Dolomite.     Several 
xplanations  naye  been  ofEered  to  account  for  such  deposit 
ehemical  precipitation.     It  is  evident  that,  if  streams 


^balding  Sulphate  of  Lime  in  solution  discharge  themselves 
■^uito  a  doflea  body  of  water,  a  saturated  solution  would  at 
Mflngth  be  produced,  and  the  salt  would  be  thrown  down. 
^^le  precipitate  might  take  the  form  of  either  of  Anhydrite 
GhypBum ;  we  do  not  know  the  conditions  which  determine 
rhich  of  the  two  it  wiU  be,  but  it  has  been  suggested  that 
'WDTeasare  will  decide  whether  it  is  hydrated  or  anhydrous. 
^^gain  it  has  been  suggested  that  submarine  volcanic  out- 
inrsts  may  discharge  sulphurous  acid,  which  would  be  con- 
sted  into  sulphuric  acid,  and  this,  acting  on  the  Carbo- 
tie  of  lime  in  solution,  would  give  rise  to  gypsum. 
aether  suggestion  is  that  solutions  of  alkaline  sulphates 
LTe  been  poured  into  sea- water,  and  that  mutual  decom- 

a'tion  has  gone  on    between    their  contents  and  the 
mde  of  Calcium  of  the  sea- water,  which  has  resulted  in 
le  formation  of  Sulphate  of  Lime  and  soluble  alkaline 


Whatever  explanation  is  adopted,  we  must  in  all  cases 
^Te  dosed  bodies  of  water,  in  order  to  obtain  the  satura- 

neoessaiy  to  produce  precipitation.* 
Other  Qypeums  which  are  probably  the  products  of 
ion  of  Limestone  or  Anhydrite  will  be  considered 
der  the  head  of  Metamorphic  Hocks. 
flonroM  of  the  Xaterials  for  Chemical  Deposits. — 
e  have  next  to  inquire  from  whence  the  various  sub- 
necessary  for  the  formation  of  chemical  deposits 
ij  be  supposed  to  have  been  derived, 
oea  water  contains  in  small  quantities  the  salts  which  we 
ive  enumerated  as  having  possibly  given  rise  to  chemically 
^f  «nned  rocks.  If  therefore  a  portion  of  the  ocean  were  cut 
^^H  by  the  formation  of  a  land  oarrier  and  the  solution  con- 
^:^>«iitnited  by  evaporation  till  precipitation  ensued,  one  or 
ore  of  these  rocks  might  be  formed ;  and  if  fresh  supplies 
ere  from  time  to  time  introduced  by  an  opening  of  the 
riier,  and  again  shut  off  by  the  closing  of  the  opening, 
if  by  inundation  or  any  other  means  the  area  was  refilled, 
^cMttiderable  thicknesses  of  precipitate  might  be  formed, 
many  cases  however  we  can  scarcely  imagine  this  process 
have  been  repeated  often  enough  to  give  us  the  great 

*  Th«  student  may  refer   to      i.  760 ;  Zirkel,  Petrographie,  L 
•BiKb^   Chemical   CFeology,    i.      268—273. 
^^^^  19 ;  Kaimuum,  GkogDorie, 
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miisBee  which  actually  exist.  We  then  turn  to  inland  dose* 
sheuts  of  wutfr  into  which  Btreftias  chained  with  th 
necessary  ingredients  dischtirgi?  themselves.  Theae  stream 
may  in  many  inataiu'es  derive  their  dissolred  matter  Itoi 
the  rocke  overor  through  which  they  flow.  Thedeoompos 
tion  of  Iron  Pyrites  will  give  the  Peroxide  of  Iron  necesaai 
to  produce  the  prevalent  red  colour:  Limestone  yioIdsCarb* 
nnte  of  Lime,  Dolomite  that  salt  and  Carbonate  of  Haf 
nesia,  and  Gypsum  Sulphat-e  of  Lime. 

To  the  amount  of  dissolved  matter  furnished  in  this  wh 
WB  must  add  that  brougpht  in  by  mineral  springB.  Thei 
often  rise  from  considerable  dojiths,  whore  the  temperatui 
is  high  and  the  increased  pressure  enables  the  water  1 
hold  larger  amounts  of  Carbonio  Acid  and  other  eolreni 
than  at  the  eorface,  and  bo  increaseB  its  dissolving  pore 
The  moat  powerfully  charged  mineral  springs  occur  ■ 
volcimin  districts,  and  it  is  probable  that  in  many  cases  tl 
materihds  neccssorj-  forthi'  fomiatiuii  of  cbeuiiiiil  rrjcks  ram 
directly  from  a  volcanic  source.  In  other  cases  the  requiail 
components  may  have  been  furnished  by  the  destnicticm  ( 
previously  existing  rocka  of  a  similar  character;  but  thM 
latter  probably  originally  drew  their  ingredients  from 
volcanic  origin,  so  that  it  is  likely,  that  in  all  cases  we  mm 
look  upon  volcanic  action  aa  the  agent,  which,  either  direct! 
or  ultimately,  furnished  the  materials  for  the  formation  ( 
chemical  rocks.  We  shall  again  touch  on  this  subject  i 
the  next  chapter. 

Exuapls  of  Ctaamioally  finnasd  Dcpwitn. — As  a 
instance  of  deposits  probably  formed,  in  part  at  least,  b 
precipitation  in  an  inland  sea,  we  may  take  the  Magnesia 
Limestone  and  its  associated  beds  of  the  north-east  ( 
England, 

This  formation  consists  of  Limestones  more  or  less  maf 
nesian,  Eed  Marls  and  Sandstones,  and  Gypaum  :  parts  of 
are  fossiliferous,  but  the  number  of  species  is  small,  an 
the  individuals  are  many  of  them  puny  and  show  strong 
variations  from  their  normal  form.  On  those  and  oth( 
grounds  we  are  led  to  look  upon  the  group  as  an  inland  se 
ae|>osit,  and,  when  we  come  to  examine  its  memhei 
separately,  we  can  form  some  notion  of  the  succession  i 
events  that  led  to  their  formation.  The  group  shows  tl 
following  main  subdivisions  beginning  from  the  top: — 

5.  Upper  Limestone  or  Brotherton  Beds. 
4.  Bed  Marls  and  Sandstones  with  Gj-psum. 
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8.  fimall-ffnined  Dolomite. 
S.  Sandy  Magnesian  Limeotone. 
1.  QuicKBandB,  and  Marls  with  thin  beds  of  Mag- 
nesian  limestone. 

Ike  lowest  division  is  mainly  of  mechanical  origin  and 
HOB  to  hare  been  deposited  before  concentration  had  gone 
rcDooghto  produce  g^eral  precipitation.  The  quiek- 
ads  occur  in  local  patches  of  small  extent  and  show 
nked  current-beddii^g^;  they  are  probably  portions  of 
ibas  spread  out  wherever  a  stream  entered  the  lake ;  the 
idft  were  formed  out  of  muddy  sediment  further  within 
e  area,  and  the  thin  bands  of  impure  magnesian  lime- 
ne  that  are  interbedded  with  them  were  probably  thrown 
jdly  in  pools,  where  the  solution  became  concentrated 
(mgh  to  give  rise  to  precipitation. 

Tdb  second  division  is  an  extremely  sandy  Magnesian 
mestone ;  the  sand  must  have  had  a  mechanical  origin,  the 
lomitic  portion  was  probably  a  chemical  precipitate.  We 
ij  therefore  suppose  that  during  the  formation  of  this  por- 
a  precipitation  and, the  deposition  of  sandy  sediment  went 
together.  Some  of  the  beds  of  this  subdivision  however 
nr  numerous  traces  of  auimal  remains :  these  may 
re  been  organic  limestones  formed  when  the  water 
Qune  for  a  time  dear  enough  to  allow  of  creatures  living 
it,  and  afterwards  altered  by  percolation  when  the 
iter  became  saturated  with  magnesian  salts.  It  is  in 
is  division  that  most  of  the  fossils  occur :  they  have  as  a 
le  the  character  already  mentioned,  but  it  is  important 
r  our  present  purpose  to  note  that  one  mollusc,  Axinus 
icwrut,  forms  an  exception  to  this  rule  :  it  occurs  of  ereat 
Bsand  in  considerable  numbers,  and  would  seem  to  have 
en  a  hardy  creature  that  could  stand  almost  anything 
d  live  almost  anywhere. 

The  third  division  differs  from  that  below  it  in  containing 
mnch  smaller  admixture  of  mechanical  matter,  in  parts 
ohably  it  approaches  very  nearly  to  a  true  Dolomite. 
Bxing  its  formation  therefore  precipitation  must  have 
me  on  vigorously.  Except  a  few  traces  in  its  very  lowest 
ids  this  limestone  contains  no  fossils,  and  the  meaning 
this  evidently  is  that  the  increasing  concentration  of  the 
htion,  which  was  the  cause  of  the  greater  purity  of  the 
^  was  too  much  even  for  the  han^  creatures  that  had 
>}iggled  on  during  the  deposition  of  No.  2,  and  that  all 
^iDal  life  was  either  killed  or  driven  away. 


210  GEOLOGY. 

During  tlie  deposition  of  No.  4  mocbanical  acdoii  pr»- 
douiinatwl,  but  the  bods  of  Gypsum  show  that  ch^mucal 
ftgwicy  was  also  at  work. 

The  Limoatuuea  of  the  topmost  divi^oD  are  in  manj* 
canes  BCartely  magnestan  at  all,  and  they  uoiitain  a  few 
Badly  Btunted  fossils.  During  their  formation  therefore 
the  wntt.>r  must  have  been  eo  far  free  from  magneidan  ealts 
as  to  be  juat  habitable.  It  is  curious  that  the  only  threa 
spBcies  of  sheila  found  in  this  diriision  occur  also  in  No.  2 : 
these  we  must  suppose  6seai>ed  destruction  when  the  water 
hecame  unbearable  during  the  formation  of  No.  8,  struggled 
on  in  some  sheltered  noi3ts  or  corners,  perhaps  some  way 
up  the  rivers,  and  come  back  into  the  lake  when  noatters 
began  to  mend  a  little.  As  we  should  eipect,  among  ths 
survivors  is  the  shell  which  showed  so  robust  a  constitutiaa 
during  the  formation  of  No.  2,  Aximu  obieunu ;  but  es&a, 
this  tou^h  fellow  had  evidently  had  a  hard  time  of  it,  for 
he  (i>nn's  bark  vi-rv  niut'h  dwiirfeil  in  size. 

The  formation  of  this  group  of  rocks  then  may  be  anp- 

tiosed  to  have  taken  place  in  an  inland  body  of  water  fed 
ly  streams  which  brought  in  both  mechanical  sediment  and 
matter  in  solution.  As  time  went  on  the  water  would 
become  more  and  more  strongly  charged  with  dissolved 
matter,  and  accordingly  as  we  ascend  from  lower  to  higher 
beds  we  find  the  rocks  growing  more  and  more  chenu<al  in 
their  character :  at  the  same  time  all  traces  of  life  dis- 
appear because  the  increasing  concentration  killed  or  drove 
away  such  animals  as  had  managed  for  a  time  to  stru^le  on. 
"When,  later  on,  the  proportion  of  obnoxious  salts  decreased, 
a  few  of  the  animals  which  had  found  some  sheltered  spot 
where  they  could  live,  came  back,  but  they  show  by  their 
puny  size  how  hard  had  been  the  struggle  they  had  gono 
through  in  the  meanwhile.* 

D. — Terrebtbiai.  Socks. 
We  do  not  propose  to  add  anything  here  to  what  has 
been  said  on  tne  subject  of  Terrestri^  rocks  in  the  last 
chapter.  It  is  hoped  that  the  descriptions  there  given  will 
enable  the  reader  to  recognise  an  old  land  surface,  when- 
ever by  a  happy  accident  such  a  relic  has  been  sealed  up 
among  rocks  and  handed  down  to  the  present  day. 

AppliCBtiOB  to  a  particular  inatuics. — We  will  oon- 
Oeological    Society    of   Loadon, 
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duide  this  chapter  by  an  example  of  the  way  in  which  the 

^indples  laid  down  in  it  enable  us  to  map  out  the  distri- 

^ition  of  land  and  sea  that  existed,  and  to  determine  the 

^^tiaoges  in  physical  geography  that  happened,  during  a 

I^^riod  in  the  earth's  lifetime  long  past  by.     The  group 

^^  locks  known    to  geologists    as   the  Triassic  forma- 

^^on  will  serve  our  purpose  admirably,  they  have  been 

and  identified  over  a  very  large  part  of  the  world ; 


^^^  we  follow  them  from  place  to  place  we  find  them  con- 
^^Saiudly  changing  in  character,  and  the  form  they  assume 


each  root  tells  us  in  unmistakeable  lang^uage  what  were 
physical  conditions  in  that  quarter  during  the  time  of 
ir  formation. 

...^ In  England  this  formation  consists  exdusively  of  Bed 

^Sandstones,  Shales,  and  Marls.    It  contains  thick  lenticular 
of  Bock  Salt  and  Gypsum.     No  marine  fossils  have 
found  in  it,   but  it  yields  remains  of  plants  and 
trial  reptiles,  with  fishes  and  minute  crustaceans.    Its 
show  plentifully  ripple-marked  and  sim-cracked  sur- 
_  with  pseudomorphs  of  salt,  and  occasionally  reptilian 

^Eootprints.  All  these  characters  lead  us  to  look  upon  the 
^Knglish  Triassic  rocks  as  having  been  formed  in  inland 
),  and  to  conclude  that  the  area  they  occupy  was  part 
a  broad  continental  tract  diversified  by  large  closed 
leets  of  salt  water. 

The  beds  just  described  pass  upwards  into  a  thin  band 

'  shale,  sandstone,  and  limestone  known  as  the  Penarth 

"beds,  which  contain  some  marine  fossils.     The  character 

<3d  these  rocks  shows  they  were  formed  in  shallow  water, 

Asd  their  fossils  prove  that  land  was  not  far  off.  for  besides 

'the  marine  forms  they  include  the  remains  of  terrestrial 

inuDmals.    The  group  puts  on  more  and  morepronounced 

littoral  characters  as  it  is  traced  westwards.    Tne  Penarth 

^^pass  up  insensibly  into  a  more  purely  marine  formation 

<>Iled  the  Lias.    This  group  of  rocks  tells  us,  that  after  a 

vbild  the  continental  area  of  Triassic  times  was  gently 

lobierged,  that  the  sea  stole  over  it  from  east  to  west,  not 

'^•(^uiig  beyond  the  south-west  of  England  during  the  f or- 

ii^stion  of  the  Penarth  group,  but  gradually  extending  its 

'B^  as  lias  times  drew  on. 

When  we  come  to  the  Triassic  rocks  of  Central  Europe, 
▼0  find  them  more  complicated  than  their  English  repre- 
^Btatives.  A  large  part  of  them  are  Red  Sandstones  and 
^^«  containing  chemical  deposits  of  Bock  Salt,  Grypsum, 
^Dobmitey  which  seem  to  have  been  formed  in  inland 
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bodies  of  salt  vator ;  bnt  intorstratified  with  theee  an  many 
beds  containing  marine  foesilB ;  amung  the  must  conspicuous 
of  the  martno  intercalations  is  a  thick  mass  mainly  com- 
posed of  limt'stcne,  called  the  MuschelkaUc.  The  inference 
to  bo  drawn  from  theee  facta  is,  that  during  Triossic  times 
the  centre  of  Europe  was  in  the  same  ooaditioa  as  England, 
a  continental  tract  with  large  salt  lakes ;  but  there  was 
this  dilference  between  the  two  coses :  in  England  we  have 
no  proof  of  the  presence  of  the  sea,  while  here  we  have 
evidence  that  the  sea  was  oontinuully  muting  incursions 
over  the  land.  The  longest  and  most  important  of  these 
submergences  was  that  during  whit'h  the  Hiiscbelkolk  was 
formed,  and  by  noting  the  directions  in  which  that  gruup 
loses  its  calcareous  cmracter  and  puts  on  a  littoral  type, 
we  can  determine  how  far  the  sea  encroached.  Above  all 
those  rocks  oomes  a  bond  corresponding  in  erery  respect  to 
the  Penarth  beds  of  our  island. 

Going  still  towards  tlie  east  we  find  the  Triassie  beds 
under  yet  another  form.  In  the  Eastern  Alps  and  Lorn- 
bardy  tiiey  consist  of  thick  masses  of  limestone,  swarming 
with  marine  fossils,  and  it  is  only  in  their  lowest  division 
that  they  contain  any  beds  likely  to  be  of  inland  sea  origin. 
Here  then  there  must  hare  existed,  during  the  greater 
part  of  the  Triaasio  epoch,  an  open  ocean,  in  which  great 
masses  of  organic  limestone  grew  up.  It  is  worthy  of 
note  that  the  fossils  found  in  the  marine  intercalations  of 
the  Trias  of  Central  Europe  are  also  met  with  in  these 
easterly  calcareous  equivalents.  Above  these  limestones 
come  the  Eossen  beds,  a  group  which  oorrespondf  to  the 
Fenarth  beds  of  England. 

Putting  all  these  facts  together  we  arrive  at  the  conclu- 
sion, that  during  Triaasic  times  the  physical  geography  of 
what  is  now  Europe  was  as  follows.  To  the  east  there  was 
a  broad  open  ocean  and  to  the  west  a  continent  with  lai^ 
salt  lakes,  and  the  limestones  of  the  eastern  area  were 
accumulated  in  the  one  at  the  same  time  that  the  inland 
sea  deposito  of  the  west  were  being  formed  over  the  other. 
During  the  whole  of  the  period  mere  were  oedUationa  of 
level,  in  consequence  of  which  the  sea  from  time  to  time 
advanced  over  parts  of  the  land  surface  and  then  retreated, 
but  none  of  these  incursions  reached  as  far  west  as  England. 
"Whenever  the  sea  spread  itself  westwards,  it  would  bring 
with  it  out  of  the  eastern  ocean  those  forms  of  life  which 
were  of  a  migratory  turn,  and  hence  the  fossils  found  in 
th»  uiarine  iutercalations  of  the  centre  of  Europe  are  abu 
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metviih  in  the  limestone  of  the  Eastern  Alps :  otherforms, 
not  10  ready  at  shifting  their  quarters,  are  peculiar  to  the 
litter.  Finally  the  tendency  of  the  sea  to  push  westwards 
oolmiiuited  in  a  g^eral  submera^nce,  which  covered  the 
bod  as  'fax  as  the  south-west  of  England  with  a  shallow 
>iieet  of  water  in  which  the  Penarth  beds  were  deposited ; 
md  a  continuation  of  the  depression  resulted  in  producing 
^  stfll  more  widely  spread  Jjiassic  ocean. 


Cum  g«mito  gloment."  ^ 


SECTION  L— CAXJ8E  OP  CBTOTALLISE  TEXTURE. 

lyK  may  next  torn  our  attentioD  to  tbe secood  great  cIsm 
•  >  of  rocke.  thoee  namely  which  are  cliaracterised  by  a 
ciTBtalline  testure. 

Origin  of  Crrstelliiw  Books. — The  first  coasideratioD 
to  gnide  us  in  our' researches  into  the  method  of  formation 
of  these  rocks  is  the  fact  that  bodies  crystallise,  when  they 
are  precipitated  from  solution  or  when  they  solidify  from 
a  state  of  igneous  fusion,  provided  the  process  in  either 
case  be  slow  and  gradual 

With  regard  then  to  the  origin  of  CtTstalline  rocks  we 
have  two  hj-potheses  to  tiy,  ei&er  thw  have  been  precipi- 
tated from  solution  or  they  have  cooled  down  from  a  fused 
condition.  The  former  of  these  two  notions  was  for  some 
time  favoured  by  geologists ;  the  constituents  of  these 
rockswere  supposed  to  have  been  somehow  held  in  solution 
in  some  sort  of  ocean,  and  in  some  way  or  other  to  have 
been  precipitated  from  the  dissolving  menstruum.  Such 
an  hypothesis  involved  wild  and  improbable  assumptions ; 
but  what  told  against  it  more  strongly  was  the  fact,  that  a 
very  cursory  esanunation  of  the  Ciyatalline  rocks  sufficed 
to  show  that  many  of  them  possessed  sundry  strilting 
points  of  resemblance  to  those  products  of  igneous  fueion, 
which  are  poured  forth  by  modem  volcanoes  or  are  formed 
artificially  by  the  action  of  beat ;  and  the  more  closely  such 
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i"^c>ois  were  studied,  the  more  numerous  did  these  points  of 
^"e^^emblance  become. 

Sefore  going  any  farther  we  will  take  a  particular 

urstance,  and  give  a  sketch  of  the  Une  of  reasoning,  which 

IxiL  -that  case  leads  us  to  believe  that  a  Crystalline  rock  was 

^ox-med  in  the  same  way  as  the  lava  of  modem  volcanoes. 

XiCt  us  examine  a  specimen  of  Crystalline  rock  which 

the  texture  already  described  as  Vesicular.     Its 

is  full  of  bubble-shaped  holes,  and  if  we  can  form 

L^  reasonable  conjecture  as  to  the  manner  in  which  these 

►lee  were  produced,  we  shall  have  made  considerable  way 

'^^>^^ards  explaining  the  origin  of  the  rock.     It  may  be  that 

"^^  notice  by  the  roadside  a  heap  of  stones,  some  of  which 

^J^ow  just  file  same  vesicular  structure  as  our  specimen. 

^^^e  ask  the  stone-breaker  where  they  came  from,  and 

*^^Tn  that  they  have  been  brought  from  a  neighbouring  iron- 

'^'orks,  and  are  called  slag.     Inquiring  at  the  works  how 

'^liis  slag  is  produced,  we  learn  that  it  escapes  in  a  molten 

*tate  fran  the  furnace  and  is  allowed  to  cool  in  the  open 

^ir,  and  that  the  cavities  are  caused  by  the  boiling  up  and 

^CK^ipe  of  contained  gas.     Here  then  we  get  a  due,  but 

^>Qfore  we  can  safely  conclude  that  our  specimen  was 

formed  in  the  same  way,  we  must  make  sure  that  there  is 

something  in  Nature*s  workshop  which  corresponds  to  the 

blast  fornaoe,  and  is  capable  of  x>ouring  out  molten  matter 

siinilar  to  that  of  which  our  specimen  is  composed.     We 

find  the  requisite  engine  in  a  volcano ;  and,  on  comparing 

the  hardened  surface  of  lava  streams  with  the  specimen, 

we  find  them  to  agree  not  only  in  being  vesicular,  but  in 

to  numv  other  respects  besides,  that  we  have  no  hesitation 

Bi  oonduding  that  the  rock  from  which  the  sp^imen  was 

taken  is  an  old  lava-flow. 

On  such  general  grounds  then,  and  on  the  strength  of 
inore  detailed  considerations  to  be  explained  in  this  chapter, 
^  are  quite  justified  in  concluding  that  a  large  body  of 
^  Ctystalline  rocks  were  once  in  the  same  semi-fused 
*«te  as  modem  lavas,  and  that  they  have  been  formed  in 
ve  same  way  and  under  the  same  conditions  as  the  lava- 
■heets  that  are  poured  out  by  active  volcanoes.  To  such 
^  iQaj  give  the  name  of  Volcanic  rocks.  But  there  are 
^^^  CryBtalline  rocks  to  whose  formation  such  an  ex- 
P^JMrtion  will  not  exactly  apply. 

One  group,  of  which  Qranite  is  th«  type,  while  they 
^f^  with  subaerial  lavas  in  their  crystalline  texturoji 
^or  from  them  in  several  essential  particulars,  the  most 
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important  of  tHcIi  Li  that  they  nevw  show  the  re^cnlai 
ana  slaggy  tostutes  which  are  imiverBally  present  in  those 
products  of  volcanic  fusion  which  have  cooled  and  hardened 
iQ  the  open  air ;  and  though  there  nui  he  no  doubt  that  thej 
and  tavtiA  ore  doaelj  allied,  the  conditions  under  wMuh  the 
two  were  formed  must  have  been  widely  different. 

Another  class,  ^ually  crystalline,  which  are  usually 
styled  Metamorpliic  Bockji,  can  he  ehown  to  owe  theii 
crystalline  teiture  to  the  action  of  heat,  but  have  certainly 
never  been  even  so  fluid  as  lava.* 

These  throe  subdiviftions  are  estahUshed  cm  Bound 
grounds,  and  may  he  usefully  employed,  but  the  bare  fact 
that  heat  has  played  an  important  part  in  the  formation  of 
the  rocks  of  each,  raises  a  suspicion  that  the  ditference 
between  them  may  be  after  all  one  of  degree  and  not  of 
kind.  It  »eetus  not  unlikely  that  a  rook  may  have  been  in 
one  case  rendered  crystalline  without  being  mehed,  and  so 
what  we  call  a  Mi'tiiinnrjihic  rock  hus  boeii  ]>riidiii?'"(i  ;  and 
that  in  other  cases  the  very  same  rock  has  been  more 
intensely  heated  and  melted  down  into  a  eemi-fused  lava. 
That  the  process,  in  a  word,  which  gave  rise  to  Meta- 
morphism,  when  carried  further,  has  resulted  in  the 
production  of  lava.  And  further,  the  many  points  of 
resemblance  between  Volcanic  and  Granitic  rocks  surest 
the  idea  that  they  are  both  esaentially  lavas,  and  that  the 
differences  between  them  are  due  to  the  conditions  under 
which  they  cooled.  For  we  must  recollect,  that,  besides  the 
rocks  produced  by  the  ejection  of  matter  by  volcanoes  into 
the  open  air.  which  we  can  see,  there  are  others  in  the  course 
of  formation  hy  the  same  a^ncy  undei^round,  which  we 
cannot  see :  these  we  can  eauly  realise  will  differ  in  com- 
pactness and  other  respects  from  subaerial  products,  and  it 
IS  among  these  we  shall  find  that  we  must  look  for  the 
analogues  of  the  Oranitio  and  other  allied  rooks.  And 
this  leads  us  to  repeat  a  remark  already  made,  that  the 
inquiry  into  the  origin  of  Crystalline  rocks  is  by  no  means 
eo.easy  as  the  corresponding  investigations  in  the  case  of 
sedimentary  deposits.  In  the  latter  case  the  whole  process 
of  fonnation  goes  on  we  may  say  before  our  eyes,  and 
every  step  in  it  can  be  observed  and  recorded :  but  the 
causes  which  have  given  rise  to  Crystalline  rocks  have 
their  seat  of  action  below  the  surface,  and  we  can  only 

*  Binc«  heat  hiu  been  con>  styled  "  Igfneoiu ; "  but  tM«  term 
Mmed  in  the  iimductioa  of  all  U  uiuallv  mtncteil  i«  the  Vot- 
them  rocks,  they  might  fUl  be      cwiic  aaa  OniiitiD  rock*. 
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^er  what  is  its  probable  mode  of  operation  there  from 
^  partial  manif Stations  of  its  energy,  which  take  place 
^W  it  breaks  forth  into  eruption  in  ike  open  air. 

It  was  desirable  to  give  tne  reader  a  nint  as  early  as 
^f^oiiible  that  the  three  classes  of  Crystalline  rocks  just 
^^eotioned  are  in  a  manner  akin  to  one  another ;  but  he 
^^Qrt  not  expect  to  see  clearly  all  the  grounds  on  which 
^:iie  soggestion  is  based  till  he  has  gone  through  this  and 
^Uie  next  two  chapters. 

In  the  case  of  stratified  rocks  we  foimd  that  some  of 

lem  differed  in  no  respect  whatever  from  bedded  accumu- 

dons  now  in  the  course  of  formation:  in  other  cases, 

many  points  of  resemblance  between  the  two,  differ- 

do  exist,  but  these  differences  were  shown  to  be 

le  to  the  changes  which  had  been  wrought  in  the  rock 

the  long  time  that  had  elapsed  since  its  forma- 

and  they  therefore   in   no  way  shook  our  belief, 

the  rock  was  originally  just  such   as  the  modem 

^deposit,  which  it  still  resembles  in  many  points.    Just  so 

ly  of  the  rocks  now  under  consideration  can  be  in 

Lo  respect    distinguished   from  the   products  of    active 

rdcanoee :  in  other  cases,  though  the  resemblance  is  veiy 

in  certain  points,  the  parallel  is  imperfect  in  others. 

^e  shall  see  however  that  even  in  the  case  of  the  latter 

re  are  not  necessarily  driven  to  conclude  that  they  had 

cither  than  a  volcanic  oripn,  for,  just  as  in  the  case  of 

^Mdimentaxy  rocks,  alterations  since  the  date  of  formation 

"ZB^have  ffiven  rise  to  the  differences. 

^  n  e  shall  in  this  chapter  deal  mainly  with  those  Ciystal- 

^e  rocks  which  approach  closely  the  molten  products  of 

iQodem  volcanoes.    And  it  will  be  convenient  to  consider 

^kng  with  these  other  rocks,  not  Crystalline,  which  are 

^(m^d  wholly  or  in  part  of  fragmentary  matters  showered 

ootby  Tolcanoes. 

One  word  of  warning,  before  we  go  any  farther,  will 
^  desirable.  The  reader  may  have  noticed  that  we  have 
ipolnn  of  the  imperfect  fluidity  of  lava.  It  is  impor- 
^  that  he  should  realise  at  the  outset  that  lava  is  not 
BKken  in  the  same  sense  as  iron  when  it  flows  out  of  a 
^^ow».  It  is  in  most  cases  only  partially  fused,  and 
?^  its  power  of  flowing  in  large  measure  to  the  fact  that 
l^ii  full  of  steam.  Dry  heat  uierefore  and  heated  water 
Mth  liave  a  share  in  its  formation,  and  it  is  to  the  assist- 
J?^  of  the  latter  that  it  owes  to  a  great  degree  its  crystal- 
'U^  texture.    The  formation  of  crystals  by  heat  alone  is 
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diftin^islied  b8  the  "Ay  w«y;"  by  wat«r  or  eome  liquid, 
a»  ihe  "  iTft  leay  ;"  and  wbou  Lotli  act  togetlter  the  process 
is  known  as  "  kydrothermal  action."  It  is  to  the  lost  that 
the  formation  of  lava  in  due,  and  though  we  maj-  for 
Bhortnees  speak  of  the  fusion  of  lava  or  of  focod  masses  of 
igneous  roek,  -we  must  always  recoUpct  that  such  esprtts- 
stona  are  etrictly  incorrect,  and  we  must  never  for  a  moment 
forjjet  that  water  as  well  as  heat  was  always  present.* 


Since  we  are  led  to  look  to  volcanic  agency  for  the 
source  of  many  of  the  igneous  rocks,  it  will  be  neceeeaiy  to 
study  the  action  and  products  of  modem  volcaQoes,  if  we 
woidd  understand  fully  how  these  rocks  were  formed. 

Volcanic  eruptions  occur  BvmetimeH  through  vi-nts  which 
have  previously  given  fxit  to  similar  outbreaks,  or  they 
liurst  forth  on  spots  where  they  have  been  Iiitherto  im- 
known.  In  either  case  they  are  heralded,  wh^Q»ver  thc^ 
are  of  a  severe  character,  by  earthquakes,  marp  or  lees 
violent,  but  confined  to  the  neighbourhood  of  the  vent,  and 
by  imdcrpTound  explosions  resembling  the  rolling  of  mus- 
ketrj'  or  the  fire  of  heavy  artilleiy. 

After  a  while  the  ground  is  rent  asunder,  and  fissures  or 
orifices  torn  through  it.  From  these  there  rush  up  with 
loud  explosions  bodies  of  elastic  vapour,  which  rise  high 
into  the  air  in  the  shape  of  a  column,  and  apread  out,  as 
they  condense,  horizontally  in  cloud-like  masses. 

The  elastic  fluids  carry  up  with  them  fragment*  of  the 
rocks  through  which  they  have  torn  their  way,  and  these 
falling  back  are  again  and  again  shot  up.  till  they  are 
reduced  by  continued  trituration  to  dust  fmd  powder 
known  as  Volcanic  Ash.  Port  of  the  ejected  materials  falls 
back  into  the  vent,  part  accumulates  around  the  orifice  and 
is  piled  up  round  it  in  a  mound,  and  as  layer  after  layer  is 
added  to  this  heap,  a  conical-shaped  hill  ia  gradually  built 
up,  through  the  middle  of  which  a  channel  or  chimney 
is  kept  open  by  the  repeated  discharges  of  vapour. 


*  On  the  share  which  water 
hnn  had  in  the  formation  of  Ctjb- 
tallioe  TockB,  see  Delease  "  Ue- 
chercbea  sur  I'ongine  dca  Roches" 
and  "  Etudes  but  le  Mctamor- 
phisme  des  Hoches."     It  is  im- 


possible  to  pruie  too  highly  the 
eiqaiaite  cleaineu  and  extt^iiTe 
research  of  this  aathor,  but  now 
and  then  he  rides  his  hobby 
somewhat  hard. 
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After  a  while  a  mass  of  half -molten  rock,  or  lava,  which 
has  been  all  the  time  boiling  up  from  below,  wells  up  the 
central  chimney,  and,  on  reaching  the  summit,  streams 
over  the  edges  and  down  the  sides  of  the  cone,  forming,  as 
it  cools,  irregular  layers  that  mantle  round  it.  Over  mese 
fresh  coatings  of  ejected  ash  are  heaped,  and  are  in  turn 
covered  by  other  flows  of  melted  rock,  either  from  the  top 
of  the  chimney  or  from  openings  burst  through  the  flanks 
of  the  cone. 

The  violent  paroxysms,  which  accompany  the  eruption, 
sometimes  rend  and  tear  open  Assures  in  the  cone ;  into 
these  lava  is  forcibly  injected,  which  on  hardening  forms 
ribs  of  rock  known  as  **  dykes." 

Producing  Caiuep  of  Volcanic  Eruption. — We  can 
explain  only  very  imperfectly  how  the  phenomena  just 
described  are  brought  about,  but  thus  much  is  clear. 
There  is  beneath  the  surface  a  large  mass  of  the  intensely 
heated  lava :  whether  this  lava  has  risen  from  some  deep- 
seated  reservoir  of  permanently  molten  matter,  or  whether  a 
sudden  accession  of  heat  has  melted  down  part  of  the  solid 
crust  of  the  earth,  we  don't  know  and  do  not  seem  likely  to 
have  any  means  of  knowing ;  all  we  can  say  is  that  the 
lava  is  there.  Along  with  it  there  is  water  in  the  state  of  high- 
pressure  steam,  whose  tension  is  continually  increasing  as 
the  temx>erature  rises.  The  expansion  of  the  lava  and  the 
elastic  force  of  the  vapour,  in  their  attempts  to  force  a  way 
through  the  rocks  that  hold  them  back,  cause  the  prelimi- 
naiy  earthquakes  and  undergroxmd  detonations.  At  last 
an  outlet  is  gained,  and  then  with  a  tremendous  burst  the 
imprisoned  steam  flashes  forth  in  repeated  explosions.  In 
the  meantime  the  vapour  stiU  retained  within  the  body  of 
the  lava  forces  the  latter  upwards  till  it  meets  with  an 
opening,  from  which  it  continues  to  escape  till  the  pressure 
is  so  far  abated  as  to  be  unable  to  produce  any  further 
flow. 

Stmctnre  of  Single  Cone. — ^The  cone  produced  in  the 
manner  just  described  consists  of  alternating  sheets  of  ash 
and  lava  mantling  irregularly  over  one  another,  and  all 
iipping  outicards  from  the  centre.  Fig.  34  is  a  vertical, 
and  Kg.  35  a  horizontal  section  or  groimd  plan,  of  such  a 
wae.  The  successive  ejections  of  fragmentary  materials 
or  adi  are  seen  to  be  arranged  in  irregular  layers  wrapping 
over  one  another,  and  all  dipping  outwards  from  the  central 
aria :  interbedded  with  these  are  sheets  of  hardened  lavck 
with  a  gimilitr  arranp'ement :    cracks  radiating  from  the 
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centre  and  filled  «p  with  lava  form  a  nambor  of  dykea 
intersecting  the  oono :  lastly  in  the  middle  is  a.  pit  or 
chimney,  called  the  rrator,  filled  up  with  a  mass  of  lava. 
The  vertical  section  ehows  the  outtrard  dip  of  the  layeraj 


while  in  the  hormmtal  BMfbon  we  see  tl o-_-™ 

IB  rudely  conmntno  circular  sheets  round  the  axis,  and  th* 
radial  dispositi  jn  of  the  dykes 
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CttMfttioB  and  Bapotltloii  of  EnptlOB. — WLen  the 
aocumnlated  mass  of  tmout,  which  was  the  cause  of  the 
eruption,  has  discharged  itacjf,  a  period  of  repose  follows, 
and  will  be  either  permanent  or  broken  by  fresh  eruptioBa 
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aooording  to  drcumstances.  If  there  be  no  fresh  acceBsion 
of  heat  beneath,  the  volcanic  action  will  grow  fainter  and 
fainter,  till  it  at  last  dies  away  altogether  and  the  volcano 
beoomee  exinct.  If  heat  be  stiU  supplied,  but  uniformly 
and  in  moderate  decree,  and  if  nothmg  happen  to  stop  up 
the  ohimney,  the  volcano  passes  into  a  state  of  permanent 
eentle  eruption.  The  chimney  however  may  become  choked 
m  many  ways.  Atmospheric  denudation  may  wash  down 
into  it  the  loose  materials  of  the  cone,*  or  it  may  become 
plugged  up  with  hardened  lava.  Whenever  from  these  or 
other  causes  the  outlet  for  heat  and  its  products  is  closed, 
vapour  and  lava  again  accumulate,  and  at  last  another 
eruption  becomes  necessary  to  release  them.  A  repetition 
of  eruption  inay  also  be  caused,  without  the  vent  being 
doeed,  by  a  sudden  accession  of  fresh  heat  below. 

Thus  U  frequently  happens  that  eruption  follows  upon 
eruption,  and  at  ecuch  active  period  the  heap  of  ejected 
materials  is  added  to,  till  the  original  cone  grows  into  a 
mighty  mountain.  The  outbursts  sometimes  take  place 
all  of  them  from  the  same  orifice,  and  then  the  volcano, 
whatever  its  size,  consists  of  only  one  cone  of  considerable 
regularity  of  outline.  But  more  frequently  each  fresh 
eruption  gives  rise  to  new  vents,  in  which  case  the  volcanic 
mountain  contains  a  confused  assemblage  of  cones  grouped 
round  a  central  peak. 

Truncation  and  breaching  of  Cone :  Frodnction  of 
Crater  and  Cone  within  it. — As  yet  we  have  looked  on 
successive  eruptions  as  continually  adding  to  the  mass  of 
the  mountain,  but  such  is  by  no  means  always  the  case. 
When  the  volcano  has  attained  a  certain  height,  it  fre- 
quently happens  that  its  sides  are  not  strong  enough  to 
support  the  pressure  of  the  column  of  lava  in  the  chimney. 
The  melted  rock  then  forces  out  a  way  for  itself  through 
openings  torn  in  the  flanks  of  the  cone,  or  sometimes 
breaks  down  the  whole  of  one  side  of  the  mountain.  The 
result  is  a  cone  breached  by  one  or  more  great  radial 
vaUeys. 

The  paroxysms  too,  that  accompany  the  more  violent 
outbursts,  often  blow  away  bodily  into  the  air  a  large  part 
of  the  cone,  and  tear  open  a  huge  crateral  hollow,  reach- 
ing far  down  into  its  heart.  And  in  this  way  much  of 
the  work,  which  previous  eruptions  have  performed  towards 

*  In  Fig.  34  the  interior  of  the  by  faint  dotted  lines,  and  ia  ar- 
cnter  has  been  partly  filled  ap  ranged  in  layers  dipping  inwards 
ia  thii  way :  the  dietritas  is  shown      towards  the  centre  of  the  cone. 
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^tmdmg  up  a  Tolcaiio,  is  undone  by  a  single  explosion. 
^  there  be  no  repetition  of  volcanic  energy  after  such  a 
^^tastrophe,  the  hill  retains  the  form  of  a  truncated,  saddle- 
^^^ed  cone ;  but  frequently  subsequent  eruptions  pile  up 
^^  cones  within  the  old  crateral  hollows,  and  the  volcano 
^W  consists  of  a  truncated  mountain  witli  a  huge  hollow, 
gilt  by  vertical  faces  on  its  inner  side,  in  the  middle,  and  a 
central  peak  or  peaks  standing  on  the  floor  of  this  hoUow. 
Hus  latter  form  is  extremely  common  and  peculiarly  charac- 
teristic of  mountains  of  volcanic  origin. 

Fig.  36  is  an  ideal  section  of  a  composite  volcanic  group 
fonned  by  the  different  methods  just  described.  The 
central  cone  is  in  full  eruption,  and  from  it  the  greater 
part  of  the  discharge  is  taHng  place.  To  the  left  is  a  cone 
of  which  a  large  part,  shown  by  dotted  lines,  has  been 
Uown  away,  ana  an  immense  crateral  hollow  formed :  this 
hoDaw  has  been  partly  choked  up  with  debris,  but  the 


Fig.  37. — Bababm  lujkin>,  AVTsa  Soaops. 

cniptioii  in  progrees  has  reopened  the  vent,  and  is  heap- 
ing up  a  new  cone  within  the  old  crater.     To  the  right  of 
^central  cone  is  an  old  cone  quite  quiescent,  the  dumney 
cf  the  crater  being  plugg^  with  hardened  lava,  and  the 
upper  part  filled  in  with  debris.     Still  farther  to  the  right 
^  other  cones,  each  marking  the  position  of  a  distinct 
^^    One  of  these  forms  a  dome-shaped  boss  and  con- 
■•»  wholly  of  lava ;  its  peculiar  form  is  owing  to  tlie  fact 
^  the  melted  rock,  of  which  it  is  formed,  issues  in  a 
•^-flidd  pasty  state,  and  escapes  in  thick  treacly  layers, 
jjridi  cool  and  harden,  as  they  slide  do\ni  tlie  edges  of 
«•  nunmd,  before  they  have  travelled  far  from  the  vent. 

The  view  of  Barren  Island  in  the  Bay  of  Bengal  (Fie. 
^)  thows  well  several  of  the  alterations  in  form  to  whidh 
votcanic  mountains  are  liable.  Here  the  original  cone,  the 
JPpfoximate  outline  of  which  is  shown  by  dotted  lines,  has 
"^  breached  by  a  rent  which  has  torn  open  the  valley 


facmg  the  epectator ;  it  has  also  been  truncated  by  an  erup- 
tiun  which  carried  away  its  upper  part  and  blew  open  the 
great  hollow  in  the  centre:  alterwarda  a  repetition  of  dU- 
chorgeR  has  pilifd  up  the  still  active  (.■one  witliin  the  hollow. 

Bsbsidenoe  aftsr  Cesiation  of  Eraptions.— It  seeing 
lively  that  in  many  cases  after  a  voktma  has  beeomo 
extinct  it  has  subsided  to  u.  coneiderable  uitunt,  the  sinking 
having  been  most  conaiderablo  around  the  vent  and  dying 
away  gradually  in  all  directions  outwards.  In  cousequenoa 
of  this  niovonient  the  beds  around  the  chimney  of  an  old 
volcano  have  been  beut  out  of  their  original  position,  and 
ehow  a  dip  inwardt  towards  the  central  axis,* 

Diapersion  of  Anh  and  flow  of  Lava  berond  Um 
Cone:  Ifoolonged  Sykea. — So  far  we  have  considered 
only  that  part  of  the  products  of  an  eruption  which  go  tfl 
the  building  up  of  the  volcano :  these  however  in  moit 
cases  form  only  a  small  part  of  the  whole  disoharfre.  The 
ashos  und  othl'r  ..■ji.rliJ  uidturiHls  arc  often  ca^t  forth  far 
over  the  surrounding  country,  and,  when  finely  divided,  are 
carried  by  the  wind  to  enormous  distances.  The  lava 
streams  extend  far  beyond  the  base  of  the  cone,  covering 
in  some  casea  hundreds  of  s^juare  miles  at  country,  and 
even  pursuing  their  course  over  the  sea-bottom.  "We  have 
not  the  same  opportunities  of  tracing  the  extension  of 
dykes,  as  we  have  in  the  case  of  subaerial  products, 
because  they  are  formed  beneath  the  surface,  but  there  is 
every  reason  to  believe  that  they  are  not  confined  to  the 
cone  itself.  In  many  cases  volcanic  matter  has  been  ob- 
served to  be  emitted  from  a  number  of  vents  ranged  in  a 
straight  line  for  miles  across  the  country ;  and  it  seems 
reasonable  to  suppose  that  such  points  of  escape  lie  on  a 
great  undergroimd  fissure  injected  with  lava,  the  cooUng 
of  which,  on  the  cessation  of  the  volcanic  activity,  will 
give  rise  to  a  prolonged  dyke,  similar  to  those  which  may 
be  observed  on  a  smaller  scale  in  the  walls  of  the  oone 
itself.  Thus  in  the  eruption  of  Etna  in  1669  "a  fissure 
six  feet  broad,  and  of  unknown  depth,  opened  with  a  loud 
crash,  ajid  ran  in  a  somewhat  tortuous  course  to  within  a 
mile  of  the  summit  of  the  mountain.  It  emitted  a  moet 
vivid  light,"  from  which  we  may  conclude  that  it  wa* 
filled  with  melted  lava,  which  on  hardening  would  giv« 
rise  to  a  dyke.      "Its  length  was  twelve  miles.      Fiv€ 

•  Darwin,  VolcHnic  lalandi,  p.  xvi.  244 ;  Jndd.  Ibid.,  mx.  237  ■ 
9  ;  ScropB.  Volcanoes,  p.  225 ;  Krug-  voa  Nedda,  Ksntwi'l 
Htsp;,  Quart.  Joum.  Ueol.  Soc.,      Arcliir,  vii.  217. 
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tber  parallel  fissures  of  considerable  length  afterwards 
penea  one  after  the  other."* 

A  similar  case  occurred  in  the  eruption  of  Skaptar  Jokul 
a  1783.  **Lava  was  emitted  consecutively  at  several 
Nunts  on  a  linear  range  of  two  hundred  miles.  No  doubt 
in  underground  fissure  of  this  length  at  least  was  injected 
vith  lava  by  that  eruption,  and  remains  now  as  a  dyke 
Taversing  the  substrata."  f 

Soliiiuirine  Sraptions. — ^Volcanic  outbursts  take  place 
Erom  the  sea-bed  as  well  as  on  diy  land.     We  have  not 
tlie  same  opportunities  of  examining  the  former  class  of 
Bmptions  as  of  the  latter,  but  enough  is  known  to  warrant 
the  Delief  that  the  two  differ  in  no  essential  respect  what- 
ever.   The  flow  of  lava  beneath  water,  though  at  first 
sight  an  unlikely  occurrence,  has  been  repeatedly  noticed.^ 
At  first  contact  a  certain  amount  of  vaporization  takes 
place,  but  a  crust  rapidly  forms  round  the  lava,  which 
"prevents  the  water  coming  in  contact  with  the  molten 
interior  of  the  stream,  and  in  consequence  of  its  low  con- 
ducting power  checks  the  escape  of  heat.     In  this  way  a 
constantly  lengthening  tunnel  is  formed,  within  which  the 
molten  matter  pursues  its  course  often  to  large  distances  : 
•nd  if  the  disdkarge  take  place  in  deep  water,  it  is  con- 
ccirable  that  the  pressure  of  the  overlymg  fluid  will  check 
^e  escape  both  of  elastic  vapour  and  of  heat  from  the 
^va,  ana  so  keep  it  fluid  for  a  longer  time,  and  cause  it  to 
spread  out  in  wider  and  more  regular  sheets,  than  if  it 
bd  flowed  out  in  the  open  air. 

Vdeanio  Products. — ^We  will  now  look  a  little  more 
^wely  at  the  products  of  Volcanic  Action.  They  may  be 
•ttbdivided  into — 


[ 


1)  Molten  or  Lavas. 

2)  Eragmental  or  Ashes. 
(3)  Qaseous. 

(1)  Lavas. 


Vlviditj. — The  degree  of  fluidity  of  lavas  varies  con- 
■derably,  but  it  is  rarely,  if  ever,  the  case  that  it  is  in  a 
''^of  perfect  fusion.  §    Some  lavas  which  have  hardened 

*  Lyell,  Principles,  10th  ed.,  §  "  In  the  case  of  a  metal  in  a 
"'^  ii-  p.  21.                                        state  of  perfect  fusion,  it  is  con- 

t  Scrope,  Volcanoes,  p.  52.  ceived  that  no  particle  of  finite 

♦  Ibid.,  p.  92.  dimensiona  retains   its   solidity. 
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into  a  gloss  have  probably  made  the  neareet  approach  to 
tliU  state,  but  in  the  majority  of  cim(«  fluid  lara  seems  to 
cunBiiit  of  a  vawm  of  cTj'stiils  and  other  solid  particles  enve- 
loped in  a  pasty,  imperfec-tlv  fu^ed  mass  wlilcb  is  pt<riiieat«cl 
tlmiug-hout  by  Huperheated  stetua  and  other  gaaes.  It  ie 
the  presence  of  these  oloatie  fluids  that  gives  lo  most  lavas 
their  apparent  liuiiidity,  and  the  ability  to  flow  la  streams; 
they  move  indeed  somewhat  for  the  same  reason  as  a  mix- 
ture of  sand  and  water,  which  will  run  down  a  alope  on 
which  drj-  sand  would  lie. 

Mr.  Smipe  haa  aptly  compared  lava  to  "certain  stages 
of  the  manufacture  of  su^r,  when  the  matter  cuusists  of 
a  »oh  mass,  or  '  magma'  of  granules  or  imperfect  crystals 
enveloped  in  a  liquid  (syrup),  which,  being  subseqacmtly 
dried  by  evapomtion  or  drainage,  ccnsoUdatoB  into  a  hard 
substance  form^  of  mt«i'Iaciiig  CTTstals."* 

Of  the  presence  of  water  in  lava  there  is  abundant  proof. 
The  oulumii  of  vajKiur  wliioh  rises  from  the  crater  during 
a  voliauic  eruntiou,  when  not  carried  away  by  wind,  con- 
denses and  fails  as  rain ;  great  clouds  of  steam  rise  from 
the  surfaces  of  cooling  lava-flows,  and  large  hubblee  can 
be  observed  making  their  way  to  the  top  and  bursting  out 
in  steam-jeta  with  incessant  explosions.   It  is  the  bubblhig 
up  and  escape  of  thin  vapoiir  that  filla  lava  with  the  cavities 
and  vesicles  that  are  so  characteristic  of  it,  specially  over 
its  upper  surface.     Some  of  the  minerals,  too,  which  oceni 
crystaUised  in  lava  have  been  formed  artiflcially  in  the  wet 
■,  while  all  attempts  to  produce  them  by  diy  heat  have 
3d ;  and  this  is  a  strong  argument  in  favour  of  the  pre- 
sence of  water  in  the  rock  wnere  they  occur.     Lastly,  a 
microscopical  examination  of  lavas  shows  them  to  be  full   . 
of  small  closed  cavities  which  still  contain  water.     Some  < 
difficulty  may  at  first  be  experienced  in  undeietaading  hov  ' 
water  can  exist  in  the  middle  of  a  mass  so  intensely  heated  _ 
as  lava ;  a  much  lower  temperature,  it  might  seem,  would  . 
he  sufficient  to  vaporise  it  and  expel  it  as  steam.     But  it-s 
must  he  recollected  that  the  temperature  at  which  water  ia^a 

[d  U)«  caie  of  fluid  lavB,  it  i«  tup-  tides,  and  ooniLBting  p*rtly  of3 

posed  thHt  a  luKa  poition  of  the  internal  elaatic  vapoius,  vhicdi  hf^ 

ina«B  couaiala  of  amall  bat  finite  tbeir  ascending  movemento  kotp^ 

purticlei,  which  retain  wieisUy  the  component  particlee  in  a  oon-'- 

their  solidity,  vhile  their  relalivo  itaat  >l«te  of  ebullition." — Hor-' 

mobility  in   maintaiuad    by  the  KiHB,   Beport  on   Elevation  and,! 

remuinin^  porLion  of  the  nuua  in-  Eartbqiuikea,  Britiah  Asnc  IB47.— 

terveninij  in  H  more  perfect  itata  *  Volcaooet,  p,   4G;    and  pp.— 

of  fluidity  between  the  ulid  pu-  121,  123. 
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visferted  into  vapour  depends  on  the  pressure  to  which  it 
tt objected;  increase  the  pressure,  and  you  raise  the  boil- 
ing point     Deep  down  in  the  volcanic  focus  the  weight  of 
the  overlying  lava  will  evidently  exert  an  enormous  pres- 
ww  oa  any  water  that  may  be  present.     Possibly  this 
pKtture  may  be  sufficient  to  keep  the  water  still  liquid,  in 

rof  the  intense  temperature ;  possibly  it  may  not  be 
to  prevent  the  formation  of  steam,  but  only  to  check 
^  escape.     In  the  first  case,  if  the  pressure  be  sufficiently 
'^tied,  the  water  will  flash  sudtlenly  and  with  violent 
^iplodon  into  vapour;  in  the  second,  under  similar  cir- 
^^ifltances,  a  mass  of  high-pressure  steam  will  rush  out. 
^fhen  the  struggles  of  the  imprisoned  vapour  to  get  free 
ltt?e  raised  the  lava  sufficiently  near  the  8iu*f  ace  to  produce 
^  requisite  decrease  in  pressure,  one  or  both  of  these 
^^ts  is  produced,  and  the  explosions  from  the  crater,  or 
tlte  outbursts  from  the  surface  of  the  lava  stream,  are  the 
^emk.    We  must  also  bear  in  mind,  in  connection  with  the 
present  subject,  that  there  are  circumstances  under  which 
'%afer,  even  under  an  absence  of  pressure,  may  be  exposed 
"to  high  temperatures  without  being  vaporised.     If  water 
^  dropped  on  highly  heated  surfaces,  it  is  not  converted 
into  vapour  if  the  temperature  be  sufficiently  high,  but 
soDs  about  in  a  spheroidal  mass  and  slowly  evaporates 
^vithout  boiling.     Possibly  water  may  exist  within  heated 
Itra  in  this  spheroidal  condition.     It  is  also  known  that, 
^hen  a  fluid  is  shut  up  in  a  closed  space  and  heat  is 
^iplied,  the  pressure  of  the  vapour  produced  is  able  to 
Xeep  a  portion  of  the  fluid  still  liquid  up  to  temperatures 
&  above  its  boiling  point  at  ordinary  atmospheric  pressure. 
TJoder  such  circumstances,  M.  C.  de  la  Tour  raised  water 
to  a  temperature  of  773°  F.  before  it  became  wholly  con- 
'^oted  into  vapour. 

The  fluidity  of  any  lava  stream  will  depend  on  its  com- 
foiition  and  the  temperature  to  which  it  is  subjected : 
^tUrii  parihuy  lavas  of  a  basic  are  more  easily  fusible  than 
^ktie  of  an  acidic  composition ;  hence  the  former  often 
iiwe  in  a  state  of  sufficient  fluidity  to  allow  of  their  flow- 
ing to  considerable  distances,  and  it  is  lavas  of  this  class 
w  as  a  rule  form  the  longest  and  most  extensive  streams, 
f^  acidic  lavas  on  the  other  hand  furnish  the  most  strik- 
ing instances  of  imperfect  fluidity ;    in  some  cases  they 
•**nd  in  such  a  thick  pasty  state,  that  they  consolidate 
ni  dome-ahaped  mounds  immediately  around   the  vent; 
pren  heat  enough,  however,  even  the  most  highly  acidic 
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Ibtu  attain  a  liigh  degree  of  fiuidit^,  and  give  lise  to  6 
of  Rnbsiilerabte  diiuEinsiunfi. 

ICotion  of  Iatk  Streams,  uid  Texture  of  tl 
diiferant  Parte. — Oa  account  of  its  ^'iii^tv  condition 
tilt!  rajiiit  cooling  of  it«  exterior  surfaces,  the  motif.ia  i 
lava  Btrt-am  ditfors  considerably  from  thut  of  a  pei 
fluid.  The  surface  hardens  into  a  crust  of  elags 
cinders,  wliicli  on  account  of  its  low  conducting  pc 
checks  the  escape  of  heat  from  the  interior  of  the  a 
and  (illows  the  central  part  of  the  flow  to  preserre 
liquidity  and  capability  of  motion  for  long  periods, 
loose  BcoriaceoTis  corering  is  carried  forward  by  the 
of  the  central  fluid  portion,  and  falling  over  the  froi 
th«  stream  forms  a  pavement  across  wtiidi  the  etiU  nto 
internal  portion  adrances.  At  the  upper  eurfaee  of 
stream  also,  the  bubbling  up  of  the  contained  elastic  & 
Sha  the  hardened  crust  with  cavities  and  vesidwi. 

amount  of  pressure,  is  more  compact,  and  aa  we  appn 
the  centre  the  texture  frequently  becomes  more  and  d 
coarsely  crystalline.  A  section  of  a  hardened  lava  str 
accordingly  often  ehows  a  cindeiy  base,  a  dense 
crystalline  centre,  and  an  open  and  veeicidar  top. 
upper  surface  also  frequently  assumes  a  ropy  stmc 
from  the  slow  dragging  out  of  half-cooled  viacid  porti 
We  filiall  see,  when  we  come  to  the  description  of 
ancient  igneous  rocks,  that  some  of  them  present  exa 
tho  same  peculiarities,  and  must  therefore  have  1 
Bubaerial  lava  flows. 

Where  lava  is  forcibly  intruded  through  other  rocka, 
pressure  to  which  it  is  subjected  prevents  tho  formatio 
cindeiy  or  scoriaceous  texture.  The  bounding  surf 
of  the  intrusive  mass  cool  too  rapidly  to  allow  of 
formation  of  crystals,  and  are  usually  dense  and  comp 
the  centre,  which  cools  more  slowly,  shows  a  more  erjt 
line  texture. 

But,  though  there  can  be  little  doubt  that  in  many  e 
it  is  the  rate  of  cooling  which  determines  whether  a  ! 
shall  amsolidate  into  a  coarsely  crystalline  or  a  com' 
rock,  the  student  must  not  jump  to  the  conclusion  ' 
every  coarsely  crystalline  rock  he  meets  with  neceest 
owes  its  texture  to  its  having  cooled  slowly.  There 
lavas  containing  large  crystfJs  whose  superior  coarse; 
of  grain  cannot  oe  accounted  for  in  this  way,  and  in  wl 
the  ciystals  must  have  been  present  in  th»  lava,  re 
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made,  so  to  speak,  at  tHe  time  of  its  emission.    And  such 
%  supposition  presents  no  difficulty.     We  have  seen  that 
most,  if  not  all,  lavas  consist  of  a  greater  or  less  propor- 
tion of  solid  particles  enveloped  in  a  mixture  of  imper- 
f ectlj  melted  matter  and  steam,  and,  in  the  lavas  we  are 
now  dealing  with,  some  of  the  solid  particles  are  well- 
formed  crystals.     There  are  two  ways  of  accounting  for 
the  presence  of  these  crystals.     It  is  possible  that,  as  the 
lava  rises  from  the  intensely  heated  depths  of  the  volcanic 
focus  into  higher  and  somewhat  cooler  regions,  portions 
may  consolidate  and  crystallise  while  the  mass  remains  in 
a  more  or  less  molten  condition.     Another,  and  perhaps  a 
more  likely,  explanation  is  as  follows.     We  shall  see  in 
the  next  chapter  that  many  rocks  have  been  subjected  to  a 
process  known  as  metamorphism,  by  which  crystals  have 
Deen  developed  in  them,  though  they  were  previously  non- 
Giystalline.    We  are  very  much  in  tiie  dark  as  to  the  exact 
maimer  in  which  the  change  has  been  produced ;  but  there 
is  little  doubt  that  three  necessary  and  powerful  agents  in 
bringing  it  about  are  heat,  pressure,  and  the  presence  of 
water.    All  three  of  these  are  at  work  in  the  depths  of  a 
"volcano ;  and  there  can  be  little  doubt  that  the  manufac- 
ture of  ciystals  by  metamorphic  action  must  be  constantly 
goin^  on  in  the  rocks  surrounding  a  centre  of  volcanic 
wtinty.     When  those  rocks  are  shattered  by  the  throes  of 
to  eruption,  we  can  reailily  imagine  that  the  crystals  will 
w  shaken  loose,  and,  falling  into  the  more  fluid  portions 
rf  the  lava,  will  be  carried  out  when  it  is  discharged,  and 
canhedded  in  it  when  it  consolidates.    It  may  not  be 
J^ys  possible  to  say  whether  the  crystals  in  lava  have 
wen  formed  during  consolidation  or  previously  to  emis- 
■wm,  but  we  must  be  careful  not  to  lose  sight  of  the 

Cbility  of  coarsely  crystalline  texture  having  been  pro- 
i  in  more  than  one  way. 
Composition  of  Lava. — From  a  broad  point  of  view 
^^Cfe  is  no  essential  difference  between  the  mineralogical 
J^  chemical  composition  of  modem  lavas  and  that  of  the 
^Y'^^^lliii©  rocks  which  resemble  them  in  structure  and 
JW  respects.  Lavas,  like  Crystalline  rocks,  have  all  a 
'ekpar,  or  a  Felspathic  mineral,  for  one  of  their  principail 
^^^*^*tituent8,  and  show  Acidic,  Basic,  and  Intermediate 
^^fistiee.  Perhaps  no  modem  lava  is  so  highly  silicated 
Jjsome  of  the  extreme  members  of  the  Acidic  class  of  the 
^^^Btalline  rocks,  and  there  are  certain  minerals  found  in 
^^'^^dam  lavas  which  do  not  occur  in  the  latter.    Some 
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geolopsts  have  endeavoured  to  show,  on  the  strength  of 
such  facts  as  these,  that  the  volcanic  products  of  every  gd» 
of  the  past  periods  of  the  earth's  lifetime  have  each  been 
characterized  all  the  world  over  by  some  peculiariiy  in 
mineral  composition ;  so  that  if  we  find  imeous  rocks  in 
diiferent  parts  of  the  world  agreeing  in  this  respect,  we 
may  safely  conclude  they  are  of  the  same  age.  "We  mnii 
hesitate  before  we  accept  these  oondusions,  for  seiveal 
reasons.  The  facts  on  which  they  are  based  are  certainly 
open  to  question ;  the  reasoning  by  which  they  are  BUp- 
I)orted,  involves  many  very  doubtful  assumptions;  and, 
what  is  most  fatal  to  them,  they  altogether  i^ore  the  po^ 
sibility  of  gradual  change  in  mineral  composition  after  flie 
formation  of  the  rock.  That  such  changes  have  taken 
place  we  have  abundant  proof ;  and,  if  this  point  is  once 
admitted,  the  value  of  mineral  composition  as  a  test  ci  ^ 
goes  at  once.*  To  take  one  instance,  Leucite  is  a  mineial 
extremely  common  in  some  modem  lavas,  but  for  a  lon|[ 
time  it  was  believed  to  be  entirely  absent  from  the  older 
Crystalline  rocks.  A  rock,  however,  has  been  detected  con- 
taining Leucite,  but  the  larger  number  of  the  crystals  h»v* 
been  changed  into  Orthoclase.f  This  single  observation 
shows  that  it  is  possible  that  the  Felspar  of  other  and^ 
rocks  may  have  been  originally  Leucite,  €uid  that,  thongn 
the  prevalent  mineral  of  these  rocks  now  differs  from  th** 
of  many  modem  lavas,  it  may  originally  have  been  the 
same.  We  shall  have  more  to  say  about  the  appar«it 
want  of  agreement  in  mineral  composition  between  the 
older  Crystalline  rocks  and  modem  lavas  at  the  end  of  the 
chapter. 

TeztTire  of  Lava. — The  varieties  of  texture  of  lava  are 
exactly  the  same  as  those  already  described  as  charac- 
terising Crystalline  rocks,  and  we  need  not  therefore  repeat 
the  account  of  them  here. 

The  structure  of  lava  on  a  large  scale  falls  next  to  he 
considered. 

Bedded  Structure. — ^When  one  flow  has  had  time  to 
harden  before  another  has  been  laid  down  upon  it,  lava 
streams  assimie  a  rude  sort  of  bedding ;  and  here  we  find  one 
exception  to  the  generalization  that  Crystalline  rocks  are 
lonstratified.  Tlie  beds,  however,  wiU  be  wedge-shaped 
^ind  ill-defined,   and  more  like  the  irregularly   stratined 

♦  AUport,  Quart.  Joum.  Geol.  t  Cotta,  Rooks  Classified  and 

^Soc.,  XXX.  629.  Described,  English  Trans^  p.  Ul 
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^^^tmnilatioiis  of  Bhallow  water  tlian  tHe  eyenlj-bedded 
^^  produced  by  slow  and  regular  deposition  of  sediment. 
11^  Jiaininatad  Stmetiire. — Lavas  occasionally  show  a 
r^^^T,  laminated,  or  tabular  structure,  quite  distinct  from 
^^e  bedding  produced  by  successive  flows.  The  cause  of  this 
^^Inctiire  is  believed  to  be  in  some  cases  the  frictional  drag 
^^  the  particles  as  they  moved  slowly  over  one  another 
^^der  pressure,  and  then  it  is  partially  analogous  to 
^earage ;  in  other  cases  this  structure  seems  to  be  one 
Prodiiced  subsequently  to  emission,  and  to  be  due,  like 
cleaTage,  entirely  to  pressure.  It  is  possible  that  in  some 
Cases  the  divisions  may  coincide  with  surfaces  of  equal 
temperature,  and  may  have  been  produced  by  shrinkage 
dxunn^  cooling. 

JTointlug  sad  Oolvninar  Struclnre. — Jointing  of  the 

ordinaiy  character  is  very  generally  present   in  lavas. 

But   in  their  case  two  peculiarities  require  special  notice 

under  this  head.    In  some  lavas  shrinkage  during  cooling 

brealcs  up  the  stream  into  a  wild  assemblage  of  irregularly 

shaped  olocks  with  a  surface  of  indescribable  rugeedness. 

Other  lavas  possess  jointing  of  a  singularly  regular  and 

pronoimced  ^pe,  wnich  gives  rise  to  what  is  known  as 

Calmiiiiar  or  Prismatic  Stmcture.     The  process  of  division 

has  been  carried  out  with  almost  mathematical  exactness, 

and  the  whole  mass  is  cut  up  into  long  prismatic  columns 

of  three,    four,  five,  or  six  sides,  neatly  fitted  into   one 

another.     The  prisms  are  divided   by   transverse  joints, 

and  the  surfaces  of  these  are  frequently  alternately  concave 

and  convex,  so  that  each  colimm  is  made  up  of  a  numbez 

of  portions  fitting  into  one  another  with   oall-and-socket 

joints.     The  prisms  tend  to  arrange  themselves  with  their 

axes  perpendicular  to  the  cooling  surface,  so  that  in  a  lava 

stream  uiey  are  at  right  angles  to  the  ground,  in  a  dyke 

at  right  angles  to  its  walls. 

Many  attempts  have  been  made  to  see  through  the 
Bteps  of  the  process  by  which  this  structure  has  been 
Onved  at.  The  reader  will  find  the  latest  explanation, 
>ad  an  account  and  criticism  of  the  most  important  of 
those  which  preceded  it,  in  a  paper  by  Mr.  Mallet,  in  the 
lluL  Mag.  4th  ser.  vol.  L  p.  122. 

Oonoretionary  Struclnre. — ^Many  lava  rocks  have  a 

^oncretionaiy  structure.     This  is  best  brought  out  where 

they  have  been  exposed  to  the  action  of  the  weather,  which 

hraiks  them  up  into  a  number  of  rudely  spheroidal  balls 

imbedded  in  the  more  thoroughly  decomposed  portions  of 


tlie  Tixk.  The  sodulee  a,re  frequently  made  up  dl 
like  cone^ntric  coats,  which  peel  off  one  by  one  m 
tegmtioii  p>e»  on.  The  cohimnar  Uto^  with  b 
BIX' 1(11  structuru  puss  into  the  more  thoroughly  etracn 

Fftrollal  between  Lava  and  CrTBtalline  B( 
Btractors. — Structures,  exactly  oorreapaadiag  t 
juHt  doBcribwl  ae  characteristic  of  moderu  laros,  ac 
(uiioiig  the  older  CiyetaUine  rorks.  All  show  at 
culumnftP  etructure.  It  is,  perhaps,  most  conepia 
Bosidt,  in  which  rock  the  columns  are  tliick  and 
with  etiui-diataat  joiotn.  The  prisms  of  Felstc 
slenderer  and  lesa  rog^ar,  and  often  stretoh  to 
len^h  without  any  transverse  joints.  The  same  pa 
has  been  noticed  in  Qranite,  at  the  Land's  £iid 
adinnB  Qed.  Soc  of  Cornwall,  iii.  208),  in 
( "  Comptea  Hendus."  xrvi.  76),  and  in  the  8y 
Aika  (.'rup;  ( MattuUwh  "  \\>.<ttni  I.sIfln.Ls."  il.  49; 

Dioritic  rocks.  Quarries  on  some  dykes  in  Cora' 
often  dug  out  to  a  considerable  depth  through  a 
loose  crumbly  earth,  fuU  of  rounded  blocks,  that 
sight  looks  exactly  like  an  accumulation  of  ooan 
detritus.  This,  however,  gradually  passes  down  ii 
Diorite,  on  the  exposed  fac»  of  whidi  a  tenden<Tf  < 
up  into  concretions  is  clearly  seen  to  be  gradual!; 
out  by  weathering ;  and  an  examination  of  the  Ic 
ping  shows  that  the  incoherent  part  consiata  of  t 
easily  decomposed  portion  of  the  rock,  and  that  wh. 
be  taken  for  boulders,  are  the  more  stubborn  cono 
Pearlstone  and  globular  Felstones  are  examples  o: 
tionaiy  structure  among  Acidic  Crystalline  rocks, 
of  the  older  rocks  tb'"  arrangement  bHU  been  obsi 
consolidation,  but  is  brought  out  again  when  the 
been  exposed  to  the  action  of  the  air. 

■  B«e  Ui«  experimonti  of  Gre-  canoce,  OS ;  NBTunann, 

gory  Watt,  Philoeoptucal  Tnuu-  der  Geognosie,  i.  180. 
motiODi,  IS04;  De  U  Beche,  lie-  t  I  recollect  an  axe 

■eaichea  in  Theoretical  Oeology.  Ettmce  near  St.  Badeaoi 

"""    '  '        "         '    '"     ■  Plymouth. 
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(2)  FKAOUEirrAL  Pboducts. 

Ingmentol  prodncto  of  volcanic  action  aM  of  two 
Srst  ihe  ejected  maeBcs  of  Bolid  pre-exietiiig  rock 
vhich  the  eruption  has  buret  its  way ;  secondly, 
of  the  melted  lava,  which  have  been  torn  off  and 
ip  into  the  air  in  a  melted  or  pasty  (xindition,  and 
d  as  they  felL  Depoeite  of  volcanic  ash  ^neralfy 
•f  a  mixture  of  both  kinds  of  materials,  and  vaiy  in 
om  the  finest  and  most  impalpable  duat  to  coarse 
ationa  containing  anKiiW  blocks  up  to  Beverol  tons 
it.  Thus,  to  speak  &et  of  the  coarser  ejectments, 
eruption  of  Cotopaxi  in  1533,  the  plain  around  the 
le  mountain  was  strewed  through  a  radius  of  fifteen 
1  more  with  great  fragments  of  rock,  many  of  which 
d  as  much  as  nine  feet  in  diameter "  (Scrope, 
loee,"  p.  55). 
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at  ejected  masses  occur  in  rocks  of  older  date  but 
i  origin.  Fig.  38  shows  a  group  of  such  blocks 
id  in  stratified  ash  on  the  snore  near  North  Ber- 
Jhe  waves  have  stripped  otf  the  finer  and  softer 
'  the  deposit  with  which  these  masses  were 
y  surrounded,  but  boulders  equally  large  and 
may  be  seen  bard  by,  still  enclosed  in  ashy  layers 
76  not  yet  undergone  denudation.  I  know  of 
which  brings  home  so  forcibly  to  ih.%  mind  the 
a  energy  of  volcanic  forces  as  the  eight  of  these 
isnles,  and  an  attempt  to  realise  the  power 
f  to  tear  them  from  thoir  bed  and  hurl  them 
jadcast  over  the  country. 
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A  large  portion,  however,  of  the  matter  thrown  out  oifc*-^ 
volcanoes  is  tossed  up  over  and  over  age  in  till  it  becomea^'^* 
broken  and  ground  down  to  stones,  dust,  and  poirder.  Out  J  «-*' 
of  this  tiner  material,  togolhei-  with  the  portions  torn  oS  "4*  ^ 
the  Burfiice  of  the  liquid  lava,  the  greater  part  of  ashy  "'^-^ 
formations  ert^  mado  up;  it  forms  the  past*  in  which  the  «**^ 
large  blocks,  when  there  present,  are  embedded,  or  it  con-  — ** 
stitutes  the  whole  body  of  the  deposit. 

The  fiiUtim'iiig  ore  the  chief  terms  used  in  describing  "^^ 
volcanic  fragmentary  productiotu. 

Scoria  liie  the  ragged  fragments  of  lava  which  have  ^i 
hardened  into  cimler-Uke  foraiB. 

Bomht  are  purtii>nK  of  lava  which  have  been  thrown  out  ^^ 
in  a  liquid  state,  and,  owing  to  a  rapid  rotation  in  tiieir  TMii 
path,  have  assumed  a  rudely  spherieal  shape :  the;  are  ^>^ 
often  hollow. 

The  sniiiller  fragments  go  by  the  general  name  of  Lapilli  "W^ 
or  Vokanie  Stontt. 

Puaolaim  i»  o.  name  given  by  the  Italians  to  still  finer  -x.^m 
volcanic  powder ;  and  tlie  finest  dust  of  all  is  called  in  the  ^^.mA 
same  lang-uaj,-*  Cfiifri.  or  Ashes. 

Stniotnre  of  Snb&erial  Aahj  Depoaita.— The  struc-  — c»ji 
ture  and  nnaiigeuient  of  deposits  formed  out  of  volcanif  =:>i^ 
ejections  niil  vary  according  ae  the  latter  fall  on  the  land.E»-«zn( 

In  the  first  case  there  will  bo  an  absence  or  an  imper — -^^t- 
feet  degri'e  uf  bedding,  and  a  tendency  more  or  less  pro— «;;»Tt- 
nounced  to  a  confused  grouping  of  the  materials, 

"When  a  Hubaerial  accumulation  of  ejected  materials  con — .^^d- 
tains  many  large  blocks,  and  when  its  components  are^fr^^-K 
huddled  together  in  a  pell-mell  way  without  regard  to  size,,  -^^  =f, 
shape,  or  weight,  it  forms  a  Volcanic  Agglomerate ;  and  ift-«^  "f 
the  Iw-ger  fragments  are  markedly  angular,  this  peculiarity*C.^*7 
may  be  denoted  by  the  qualifying  term  Brec^^ted.  A^^>~A 
Voleanie  Breeeia  is  a  rock  of  similar  character,  in  which  th^^-*^'' 
confusion  and  absence  of  arrangement  is  less  marked.  Th^»  _«^e 
finer  fraginentary  productions,  which  float  through  th^^-**® 
air  often  for  long  distances,  settle  down  more  genOy  an£:»-***- 
regularly,  and  give  rise  to  deposits  with  some  appearanc^*'^^^^^ 
ofteddini,'.  The  finer  ashes  in  their  passage  through  th^^-*^^ 
air  often  become  mixed  with  water,  either  roia  or  condense^E^'**" 
steam  issuing  from  the  volcano;  in  this  case  they  oohor^^^^  - 
more  readily  when  they  fall,  and  give  rise  to  a  harder  anit-^_^*^ 
more  compact  rock  than  that  formed  by  accumulations  of  Aty^^-''^ 
ash.     The  beds  that  cover  Herculaneum  are  of  this  nature— *=^ 


FE^GMENTAL  PRODUCTS.  235 

Aflh,  too,  that  Has  already  settled  on  the  ground  is  often 
'tora  up  and  swept  away  by  torrents  of  rain,  or  by  floods 
X^roduc^  by  the  sudden  melting  of  snow  or  the  bursting  of 
Xakes,  and  rearranged  afresh.  In  this  way  a  Yolcanic 
JBreccia  may  have  its  larger  fragments  rounded  and  become 
<x>nverted  into  a  Volcanic  Conghmerate  ;  a  pile  or  cone  of  fine 
loose  ash  may  be  swept  away  and  spread  out  in  a  layer  over 
^he  district  which  surrounds  it,  and  will  frequently,  owing 
-^o  tlie  admixture  of  water  ''  set "  into  a  compact  rock. 

Tlie  rocks  formed  by  these  admixtures  of  volcanic  ash 
amd  'water  are  known  as  Volcanic  Tuffs  or  Peperinos, 

The  term  Tuff  is,  however,  by  some  authors  confined  to  a 
xock  formed  when  a  lava  flow  is  suddenly  advanced  into 
^vrater,  or  is  ejected  beneath  water.  In  such  a  case  it  some- 
-tixnes  happens  that  the  lava  is  instcmtly  broken  up  into 
^raCTients.  Fragmental  matter  thus  produced  may  often 
l>e  distinguished  from  ejected  ashes  in  this  way :  each  grain 
of  the  latter  is  more  or  less  glazed  on  the  outside  by  the 
lieat  of  the  volcano,  the  fragments  of  a  lava  stream  disinte- 
g^ted  by  the  sudden  action  of  water  show  no  such  glazed 
ooating. 

Yolcanic  ash  may  also  be  showered  over  the  surface  of  a 
lara  stream  while  the  latter  is  still  soft,  and  a  rock  is  then 
fonned  of  lapiUi  embedded  in  a  paste  of  lava. 

girttciure  of  Snbaqneoiui  Ashy  Bepositfl. — ^The  frag- 
mentaiyproductions  that  fall  into  still  water  will  produce 
rocks  differing  but  little  from  the  more  gently  formed  of  the 
subaerial  ashes ;  but  streams,  tides,  and  currents  will  roimd 
mnd  distribute  the  framients  they  receive,  and  will  give  rise 
'to  Conglomerates  and  ^tty  rocks  of  various  degrees  of 
ooaisemess  and  with  well-marked  bedding.  These  may  be 
distiiigaished  as  subaqueous  tuffs. 

It  may  well  happen  that  water  into  which  volcanic  ash 
is  beinc'  showered  receives  at  the  same  time  sedimentary 
zsiateriids  from  rivers  that  empty  into  it.  In  this  way  there 
^^rin  arise  rocks  of  a  mixed  origin :  when  the  mechanical 
Mcsdiment  is  mainly  Sand,  we  shall  g^t  an  Ashy  Sandstone ; 
~^^  limestone  is  being  formed  in  the  water,  there  will  result 
Qdcareous  Ash ;  and  so  on.* 

An  these  fragmentary  deposits  are  capable  of  enclosing 
^  id  preserving  the  remains  of  plants  and  animals  which 
liTed  at  the  spots  when  they  fell,  and  such  remains  are 
oocaoonally  found  in  them. 

*  For  a  beautiful  example  of  a      mentary  deposits,  see  Geol.  Mag., 
'^v^ttaie  ilooe  embedded  m  sedi-      L  p.  24. 
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Volcanic  ashee  and  tuffs  are  sometlmea  describeil  and 
diissified  according  to  tho  rocks  thiA  predominate  in  Uxeir 
composition.  Thus  an  Agglomerate  mainly  made  ap  ol 
blocKB  of  Basalt  may  be  spoken  of  as  a  Basaltic  Agglo- 
merate ;  a  Tuff  composed  of  lapilli  of  Trachytic  lava  may 
be  called  a  Trachj'tic  Tuff.  Some  of  tbe  rocks  of  this  cLaaa, 
however,  oie  coniTMjBed  of  such  adiserBity  of  materials,  that 
Buch  a  system  of  nomenclature  could  not  be  applied  to 
them. 

Interbedded  with  those  old  Ci^'stalline  rocks,  which  w« 
hare  leBTued  to  look  upon  ae  lartts,  are  niuut'rouB  deposits, 
many  of  the  components  of  which  are  readily  seen  to  he 
fragmcutal  ejections  from  Yolcanoes.  In  some  caaes  tha 
ejected  matt«r  haa  fallen  on  land,  and  rocks  have  resulted, 
resembling  in  every  respect  Yoloanic  Agglomerates,  Breo- 
fooA.  and  ashy  accumulations  of  finer  grain.  In  other  C8s«e 
thu  (lci>'p>it  has  bpt?n  of  subaqueous  origia.  Instances  will 
be  given  in  the  next  section. 

(3)  Qasboub  FBODOcrrs. 

The  gas  G^ven  off  most  largely  by  volcanoes  is  steam ; 
they  evolve  besides  Carbonic  Acid,  Nitrogen,  Sulphuretted 
Hydrogen,  Sulphurous  Acid,  and  Hydrochloric  Acid. 
These  have  probably  contributed  largely  to  that  alteration 
of  the  original  volcanic  products  vhidi  will  come  to  be 
treated  of  under  the  head  of  Metamorphism.  Tarioua  sub- 
stances, which  are  solid  at  low  temperatures,  rise  in  a  state 
of  vapour  from  lava  streams ;  and  chemical  combinationB 
and  reactions  between  the  different  emanations  give  rise  to 
a  variety  of  products,  which  are  condensed  on  ue  waUs  of 
the  fissures  and  the  surface  of  the  flow.  Of  these  we  may 
notice,  as  geologically  important,  Sulphur,  which  is  some- 
times foimd  in  masses  of  great  purity  ;  Specular  Iron  ore, 
too,  which  deserves  remark  because  it  forms  the  colouring 
matter  of  red  derivative  rocks,  is  largely  sublimed  from 
volcanoes,  and  has  probably  in  many  cases  been  originally 
of  volcanic  origin.  There  are  also  substances  which 
have  been  produced,  in  some  cases  at  least,  by  chemical 
reactions  between  evolved  gases  and  the  constituents  of 
the  rocks  with  which  they  come  in  contact.  The  most 
important  of  these  are  Sulphate  of  Lime,  or  Oypeum, 
and  Sulphate  of  Magnesia,  which,  as  we  have  seen, 
has  probably  played  an  important  part  in  the  forma- 
tion of  some  If  agnesian  Limestones,    it  has  been  already 
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explained  that  in  many  cases  both  the  rocks  just  named 
haye  been  formed  by  precipitation  in  inland  bodies  of 
▼ater,  and  their  materials  were  probably,  in  the  first 
instance,  derived  from  volcanic  sources. 

We  must  not  omit  to  mention,  in  conclusion,  that  volcanic 
districts  abound  in  hot  springs  holding  in  solution  Silica 
and  Carbonate  of  Lime.  These  have  been,  in  many  cases, 
the  source  of  those  chemically  formed  siliceous  and  cal- 
careous rocks  which  have  been  already  described  in 
Chapter  IV. 

As    an  instcmce  of  a  rock  which  has  probably  been 

fbzined  by  precipitation  from  a  volcanic  mineral  spring,  we 

may  notice  some  thin  beds  of  .beautifully  banded  siliceous 

stone  interbedded  with  volcanic  ash  on  the  coast  near  North 

Berwick.     Their  great  purity,  and  the  extreme  fineness  of 

tlieir  lamination,  seem  to  point  to  a  chemical  origin ;  and 

Bs  they  occur  in  the  heart  of  a  great  body  of  volcanic 

deposits,  we  may  reasonably  suppose  that  their  materials 

'^rere  furnished  by  one  of  these  hot  siliceous  springs  which 

are  so  common  in  volcanic  districts.     In  the  same  neigh- 

lx)iLrhood  the  **  Burdie  House  Limestone  "  has  all  the  look 

of  a  chemical  precipitate,  and  was  probably  formed  in 

pools  into  which  highly  charged  calcareous  springs  emptied 

themselves.     In  some  cases  we  can  see  that  volcanic  action 

must  have  been  going  on  during  the  growth  of  this  bed, 

for   its  upper  part  is  fidl  of  small  lapilli,   which  were 

showered  into  ine  water  during  its  formation. 

SECTION  m.--REMNANTS  OF  OLD  VOLCANOES. 

The  main  features  and  chief  products  of  the  volcanic 
action  of  the  present  day  have  been  now  described,  and  we 
have  seen  that  many  of  the  older  Crystalline  rocks  and  their 
aocompanying  fragmental  accumulations  resemble  the  latter 
BO  doeely  that  there  can  be  no  doubt  that  they  were  pro- 
duced by  similar  agencies  in  bygone  times.  We  will  now 
inquire  whether  an  examination  of  the  geological  record 
will  enable  us  to  point  out  the  situ  of  former  volcanic  dis- 
(^rges,  whether  any  ancient  volcanoes  are  still  recognis- 
able, and  generally  to  wliat  degree  of  detail  we  can  read 
the  history  of  volcanic  action  in  the  past. 

Anoient  Volcanic  Cones. — ^We  can  scarcely  expect  to 
find  cones  of  any  antiquity  often  preserved :  modem  vol- 
canic mountains  are  already  becoming  scarred  and  seamed 
by  subaerial  denudation,  and  a  long  continuance  of  this 
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action  must  at  last  w&ar  av&j  entirely  the  loose  materials 
of  which  the  great«i'  part  of  a  Tolcano  cnnBiete,  while  soib- 
laSTgeacd  beneath  the  sea  would  sweep  it  away  altogether. 

Aa  a  matter  of  fact,  howerer,  the  number  of  volcanic 
hills  that  still  remain  in  a  fair  state  of  preservation,  to 
attest  the  former  presence  of  Tolcanic  activity  in  districts 
where  neither  history  nor  tradition  give  any  hint  of  its 
existence,  is  larger  than  would  at  first  eight  be  expected. 
In  Auvergne,  for  instanoe,  the  Eifel,  New  Zealand,  and 
elsewhere,  we  hare  not  only  sheets  of  soUd  lava  and  beds 
of  &agmental  ejections,  but  there  ore  still  standing  the 
cones  which  were  piled  up  round  the  vent«  from  which 
these  issued,  worn  and  withered  indc-od  by  long  exposure, 
but  still  retaining  enough  of  their  characteristic  structure 
and  outline  to  make  it  evident  to  the  moet  caeual  observer 
that  they  owe  their  origin  to  the  game  processes  which  axe 
piling  up  our  modem  volcanoes.  In  all  these  cases,  how- 
ever, the  date  of  the  eruptions,  though  hietoricuUy  most 
distant,  falls  into  a  late  period  of  geological  chronology. 
As  we  go  back  in  geologii^  time,  we  find  the  remains  of 
the  easuy  destroy&d  volcanic  cone  to  become  rarer  and  more 
and  morn  frafiTnentnry,  and  very  snon  1o  vanii^h  altogether. 

Kemaiiui  of  Central  Ping  of  Lava. — But  even  where 
this  has  happened,  we  can  still  sometimes  fix  the  site  of  an 
old  volcanic  vent :  the  plu^  of  lava,  which  hardens  in  the 
chimney  when  a  volcano  dies  out,  is  of  tougher  atu^  than 
the  cone  which  surrounds  it,  and  the  lower  portion  of  this 
central  cone  often  remains  standiag  up,  Uke  a  massive 
column,  when  all  the  rest  of  the  volcanic  hill  has  dis- 
appeared. 

Other  Frooft  of  Old  Tolcanic  Action. — The  records 
that  remain  of  periods  in  the  earth's  history  still  more  remote 
are  seldom  perfect  enough  to  enable  us  to  determine  the 
exact  spots  on  wliich  eruptions  have  burst  forth,  but  among 
them  we  find  distinct  proofs  of  volcanic  activity  in  the  pr^- 
sence  of  rocks,  both  molten  and  fragmentary,  of  undoubt- 
edly igneous  origin.  Thus,  though  the  evidence,  as  we 
go  further  back,  becomes  less  and  less  complete,  there  is 
always  enough  to  assure  us  that  during  no  epoch,  of  which 
any  histoty  has  come  down  to  us,  was  our  earth  without 
volcanoes. 

Example  of  Arthur's  Baat.— A  very  good  instance  of 
a  fairly  well  preserved  volcano,  of  still  older  date  than  those 
mentioned  a  little  way  back,  is  furnished  by  Arthur's  Seat 
at  Edinburgh ;  and,  as  this  is  not  only  an  excellent  sped- 


abiuuk's  seat. 
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men  of  its  kind,  but  furnishes  an  admirable  instance  of  the 
methods  em2)lojed  by  geologists  to  decipher  the  records  d 
ancient  eruptions  and  to  determine  the  mode  of  origin  d 
different  kinds  of  volcanic  products,  we  will  describe  it  at 
some  length. 

Fig.  39  is  a  section  of  this  hill,  and  Fig.  40  a  rude  dia- 
granmiatic  view  of  its  western  face.  The  body  of  it  consuts 
of  Shales,  Sandstones,  fine  Conglomerates,  and  impan 
Limestone  of  marine  origin,  (1)  in  the  figures.  Along  with 
these  are  beds  of  lava  and  Toicanic  ash,  fonned  contempo- 
raneously on  the  floor  of  the  same  sea  which  received  me 
sedimentary  materials  of  (1).  The  lowest  of  these  is  s 
sheet  (2)  of  Dolcritic  rock ;  then  follow  Sandstones  fonned 
partly  of  mechanical  sediment  and  partly  of  ash,  which  wai 
showered  into  the  water  at  the  same  time  as  sand  wai 
brought  into  it  by  running  streams,  and  some  chertj  Lime- 
stone (3) ;  above  those  come  well-bedded  strata  of  ejected 
materials,  the  components  of  which  were  shot  out  iato  die 
water  and  then  arranged  in  stratified  layers,  forming  avd- 
camc  tuff  (4) ;  the  series  is  continued  by  flows  of  fiasaltic 
and  Felspatliic  lavas  (5)  and  (6) ;  and  these  last  are  ooreied 
by  purely  sedimentary  Shales  and  Sandstones  (7). 

That  the  beds  of  igneous  rock  in  this  part  of  me  section 
were  streams  that  flowed  over  the  bed  of  the  sea,  or  poe- 
sil)ly  oil  land  surfaces  produced  by  its  temporary  devatiOB* 
while  the  deposition  of  the  sedimentary  oeds  with  whi<& 
they  are  associated  was  going  on,  and  were  not  injected 
among  the  latter  subsequently  to  their  formation,  is  cleiT 
on  several  groimds.   They  conform  2)erf ectly  to  the  bedding 
of  the  rocks  above  and  beneath  them,  and  nowhere  cut  in 
the  slightest  degree  across  the  stratification.  Their  structuie 
tells  the  same  tale;  their  U2)per  surfaces  are  sooriaceous 
and  vesicular,  showing  that  when  they  c(X)led  the  contained 
gases  were  free  to  bubble  up  and  escape :  this  would  not 
have  been  the  case  if  they  had  been  covered  at  that  time 
with  overlying  rocks  as  they  are  now,  and  they  must  have 
hardened  b(}fore  the  beds  above  them  were  deposited.    Ab 
we  descend  into  tlie  interior  and  lower  parts  of  each  flow, 
wlu^e  there   was    weight  enough  of   lava  overhead  to 
cheek  the  ebullition,  the  cellular  structure  gradually  dis- 
appears, and  the  bod  becomes  close-grained  and  compact, 
and  more  decidedly  crv'stalline  as  we  approach  tlio  centre. 
In  the  view  the  outcrops  of  the  hard  lava  streams  are  seen 
to  form  steep  craggy'  cliffs,  ranging  across  the  hill ;  while 
the  softer  sedimentary  beds  and  ashes  occupy  the  more 
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mile  alopee  below  these  and  the  hollows  betwetn  them. 
lie  feasons  for  this  will  be  given  in  Chapter  X. 
At  some  time  after  their  deposition,  the  beds  just  described 
ere  traversed  by  sheets  of  intrusive  Dolerite,  marked  a,  b,  e. 
he  structure  and  lie  of  these  contrast  forcibly  with  those 
'  the  contemporaneous  flows.  Their  course  conforms,  to  a 
artain  degree,  with  the  direction  of  the  bedding,  and  in 
one  places  they  have  for  a  certain  space  been  actually 
imst  in  between  the  beds,  so  that  a  hasty  examination  of 
detached  section  might  lead  to  the  idea  that  they  were 
(terbedded  and  contemporaneous.  But  a  more  careful 
uipection  soon  dispels  this  notion ;  if  followed  for  a  short 
istance  they  are  found  every  now  and  then  to  eat  their 
my  up  or  down  into  the  strata  above  or  below  them. 
"heir  intrusive  character  is  also  forcibly  brought  out  when 
be  structure  of  the  whole  hill  is  viewed  from  a  little  dis- 
Booe.  On  account  of  their  hardness  they  crop  out  in  steep 
laggy  cliffs,  which,  on  the  north  side,  form  Salisbury 
Srags  and  Heriot's  Mount ;  these,  as  we  trace  them  south- 
varas,  instead  of  keeping  ^e  same  distance  apart,  like  the 
interbedded  traps,  gradually  draw  together,  and  at  last 
ludte  into  the  single  mass  of  Samson's  Eibs.  This  imion 
eoold  be  brought  about  only  by  the  sheets  cutting  obliquely 
•ctosB  the  bedding.  That  these  rocks  are  intrusive  is  also 
shown  by  the  baking  of  the  beds  both  above  and  beneath 
&em :  the  heat  of  a  contemporaneous  flow  may  alter  the 
iwjIeb  underneath  it,  but  those  above  were  not  laid  down  till 
ffter  it  had  cooled,  and  they  cannot  therefore  be  aflected  by 
^  Lastly,  in  their  structure  there  is  a  marked  distinction 
between  these  and  the  contemporaneous  lavas ;  they  do 
^  possess  the  cellular  upper  portion  of  the  latter,  but  are 
^pact  throughout,  the  cause  of  this  difference  evidently 
»9hg  that  they  consolidated  under  pressure  sufficient  to 
(tvvent  the  expansion  and  escape  of  their  elastic  vapour. 

The  beds  described  so  far  were  tilted  from  the  horizontal 
position  in  which  they  were  laid  down,  and  denuded,*  and 
2^  UQ  produced  whose  outline  must  have  been  something 
'lb  that  shown  in  Fig.  41,  and  here  ends  the  histoiy  of  the 
^^  portion  of  Arthur's  Seat. 

%ere  are,  however,  other  rocks,  shown  in  Fig.  39  by  a 

*  Owmg  to  this  denudation  we  however,    that    this  lay   where 

^  left  only  fi^agmente  of  the  Edinburgh  Castle    now    standa, 

^  kvft  flows,  and  cannot  trace  and  that  the  castle  rock  is  a  plu^ 

iW  op  to  the  vent  from  which  of  lava  which  fills  up  the  lower 

^  imd.    It  is  likely  enough,  part  of  the  orifice. 


darker  tint,  whioh  orerlie  tliose  ftlready  deembed ;  the«« 
are  volcaiiic,  and  oonsist  of  a  maee  of  very  coarse  Tolcaaia 

Ag^lomersta  {A),  a  central  pipe  of  Basalt 
rifiiiig  tlirougb  the  Agglomerate  {B),  and  a 
tummock  of  Basalt  ( C)  known  aa  the  Lion'e 
HauDoh.  These  are  the  products  of  a  later 
eruption.     After  the  coiirae  of  erente  wliicli 

Co  rise  to  the  lower  part  of  the  hill  had 
D  completed,  a  period  of  repose  foUowed, 
and  then,  at  a  subse(|uent  epoch,  volcanic 
action  broke  out  afresh.  An  orifice  was  torn 
through  the  heart  of  the  hill,  and  from  it 
blocks  of  the  rocke  through  which  a  way 
had  been  burst  were  showered  out,  and 
piled  in  a  huddled  manner  round  the  vent. 
The  Agglomerat«  is  what  remains  of  this 
accumiSation.  Prom  the  anpilar  nature  of 
its  enormous  blocks,  the  pcU-mell  way  in 
which  they  lie,  and  the  absence  of  any  trace 
of  bedding,  it  is  clear  that  it  was  heaped  up     /J'&}  . 

in  the  open  air,  and  the  contrast  between  it  \iiW.i}  '  ^ 
and  the  subaqueous  tuff  (4)  in  these  respects 
is  laoft  marked  and  instructive.  The  Ba- 
salt {£!)  is  lava,  which  boiled  up  in  the  chim- 
ney of  the  volcano ;  it  can  be  seen  most  dis- 
tinctly running  down  through  the  Agglome- 
rate in  the  form  of  a  rudely  cylindricul 
column.     At  somo  time,  when  tixoie  was  imt 

SresBure  enough  to  drive  the  lava  over  the 
p  of  the  crater,  a  tunnel  was  torn  open  in 
the  flank  of  the  hill,  and  through  it  a  tlo\\ 
of  lava  took  place,  a  portion  of  which  uoi' 
forms  the  Basalt  ( C)  of  the  Lion's  Haunch. 
Wo  have  thus  still  preserved  part  of  th' 
cone  of  ejected  materials  and  the  central 
plug  of  tl'i"  old  volcano,  but  the  portion  re- 
maining is  probably  only  a  small  fragment 
of  the  original  hill.  Mach  of  the  loo^c 
Agglomerate  has  been  carried  away  by  il.--  ■.' 
nudation,  andthc  part  that  is  left  haaescapdi 
mainly  bccuuso  the  heat  and  heated  vajiour-^ 
of  tl..'-  v.>nt  have  Imkcd  find  hiink'ncd  it,  and  \ 

enabled  it  to  hold  out  against  atmospheric 
wear  and  tear  better  than  the  outer  portions  which  aa( 
went  no  alteration. 
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i  ^  Fig.  40  the  conical  central  mound  is  formed  of  the 

^^^omerate  A^  and  at  the  summit  the  Basalt  plug  B  is 

*?^ii  to  rise  out  of  the  middle  of  it.     The  various  members 

^^  the  older  group  of  rocks  disappear  beneath  the  newer 

^^^InationB,  and  come  out  again  in  a  corresponding  series 

^  the  south.     On  the  ground  the  abrupt  truncation  of  the 

*J^  (2),  where  it  has  been  torn  through  by  the  later  erup- 

**On,  can  be  most  distinctly  made  out.* 

.Ancient  Volcanoes  of  Vorth  Wales. — ^As  an  instance 
^  Tolcanic  products  of  still  older  date  we  may  take  the 
lava-flows,  ashes,  and  intrusive  rocks  which  make  up  so 
large  a  portion  of  the  mountains  of  North  Wales.  We 
have  evidence  of  active  volcanoes  at  two  distinct  epochs 
inring  the  formation  of  the  old  rocks,  known  as  Silurian, 
oi  that  district. 

The  earliest  volcanic  products  consist  of  lava  flows  and 
Ms  of  ash  interbedded  with  the  sedimentary  strata  of  the 
Aienigs,  the  Arans,  and  Cadcr  Idris.  These  intercalations 
ikow  in  their  upper  part  volcanic  ashes  and  Conglomerate, 
then  a  great  mass  of  bedded  lava  streams,  and  beneath  this 
i  thick  body  of  ash  and  volcanic  Conglomerate  :  the  whole 
naches  a  mftTiTnnm  thickness  of  between  Ave  thousand 
and  six  thousand  feet. 

The  volcanic  products  of  a  somewhat  later  date  have 
DTen  rise  to  the  rocks  which  now  form  the  summit  of 
OQowdon.     They  consist  of  the  following  members  : — 

Columnar  Felstone 200 

Ashy  Beds 1,200 

Slaggy  and  Brecciated  Porphyritic  Fektones  1,700 

-AU  these  rocks  furnish  most  undoubted  proofs  of  a  volcanic 
^vigin,  and  of  their  being  of  the  same  ago  as  the  sedi- 
Jnentaiy  beds  with  which  mey  are  associated. 

Tlie  Felstones  are  sometimes  porphyritic,  sometimes 
^i^oriaceous  looking,  and  sometimes  show  a  decidedly  slaggy 
structare,  the  lines  of  viscous  flow  being  as  apparent  as  in 


*  The  explanation  of  the  stmc- 
^  and  history  of  Arthur's  Seat 
^Teo  in  the  text  is  substantially 
^  put  forward  by  Maclaren, 
^idopted  with  some  modifica- 
«*•  by  Prof.  A.  Geikie.  Its 
*'***ctneis  has  recently  been 
^  in  question  by  Mr.  Judd 

ift**  ^o'*™-  C^eoL  Soc.  xxxi. 

^).    Anything   coming    from 


such  an  authority  is  entitled  to 
the  most  respectful  attention,  but 
I  cannot  say  that  to  my  mind 
Mr.  Judd  has  succeeded  in  show- 
ing that  the  older  interpretation 
is  untenable,  or  even  less  probable 
than  his  own.  Mr.  Judd 's  paper, 
however,  should  certainly  be 
oonsulted  by  the  student. 
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the  cooled  slags  of  an  iron  fnmaoe.  They  are  also  oftea 
most  markedly  oolmnnar.  They  oonf onn  predsely  in  tliar 
bedding  to  the  sedimentaiy  rocks  above  and  below  them; 
and  when  they  produce  any  alteration  in  the  asBOciated 
strata,  it  is  the  beds  underneath  alone  that  are  baked  and 
hardened.  Interbedded  with  the  thick  masses  of  Felstooe 
are  bands  of  sedimentary  strata,  showing  that  the  fbimer 
are  not  the  results  of  a  single  flow,  but  that  th^  were  built 
up  by  a  succession  of  streams  poured  out  orer  the  sea  bed, 
and  that  sediment  was  laid  down  in  the  same  water  in  the 
intervals  between  their  emission. 

The  ashy  strata,  like  the  lavas,  were  accumulated  beneiih 
water.  Thoy  contain  a  sufficient  proportion  of  slaggy  and 
scoriaceous  fragments,  and  occasionally  volcanic  bombs,  to 
leave  no  doubt  on  the  mind  that  they  are  formed  in  laige 
measure  of  volcanic  ejections ;  but  tiiese  have  in  ntaoj 
cases  been  largely  mixed  up  with  sandy,  dayej,  or 
calcareous  sediment,  and  in  some  cases  they  may  hti^ 
been  formed  of  ashes  dropped  on  land  and  afterwards 
carried  into  the  sea  by  running  water.  Their  submarine 
origin  is  further  proved  by  interstratifled  beds  of  purdy 
sedimentary  origin,  and  by  the  occurrence  in  them^^ 
marine  shells. 

In  the  case  of  each  of  the  ffroups  of  igneous  rodn  frf 
mentioned  we  find  them  thicliest  round  a  certain  oei^ 
and,  as  far  as  the  remnants  left  of  them  will  enable  us  to 
judge,  thinning  away  in  every  direction  from  that  centre 
till  at  last  they  disappear  altogether.    We  thus  get  a  du^ 
to  the  quarters  in  which  the  vents  lay  from  which  the 
eruptions  took  place,  but  all  traces  of  the  piles  of  materials 
that  must  have  once  surrounded  these  vents  have  beea 
swept  away  by  denudation.     There  are,  however,  great 
intrusive  masses  of  dioritic  rock,  which,  from  their  distri- 
bution, seem  to  be  connected  in  some  way  with  both  the 
groups  of  interbedded  Felstones  and  ashes,   and  theee, 
perhaps,   are  the  hardened  contents  of  the  reservoirB  of 
molten  matter  from  which  the  volcanoes  were  fed.*    It  is 
worthy  of  note,  however,  that  while  all  the  undoubtedltf 
contemporaneous  volcanic  rocks,   both  molten  and  frag- 
mental,  are  felspathic,  these  deep-seated  intrusive  masses 
are  markedly  homblendic ;  and  it  seems  strange  that,  if 
the  volcanic  foci  possessed  so  abundant  a  supply  of  hom- 

*  For  details  respecting  the  Walee,  Memoirs  of  the  Gteologioal 
Igneous  Rocks  of  K.  Wales,  see  Burvey  of  England  and  Wate 
PiTof.  Ramsay's   C^Iogy  of  N.      voL  iii. 
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^^ndic  lava,  no  sheets  of  an  homblendic  composition  jBhonld 
1^^  have  flowed  from  the  craters.  The  explanation  may 
^  that,  in  aoooidance  with  Durocher's  ideas,  the  heavier 
Qomblendic  matter  sank  to  the  bottom  of  l^e  reservoir, 
^iifle  the  lifi;hter  f  elspathic  lavas,  floating  above,  came  to  be 
'(oared  out  m  currents. 

Did  space  permit,  these  instances  of  beds  of  volcanic 
Qlism  among  the  rocks  of  the  earth's  crust  might  be  largely 
added  to ;  the  examples  given  will,  however,  suffice  as 
Ihstrations,  and  the  reader  may  refer  for  an  exhaustive 
ikfitch  of  the  volcanic  productions  of  difPerent  a^es  in 
lUtain  to  Professor  Geikie's  Address  to  the  Geological 
Section  of  the  British  Association  at  the  Dundee  Meeting 
of  1867.  He  should  also  make  an  attentive  study  of  Mr. 
Jnld's  masterly  restoration  of  the  old  volcanic  area  of  the 
Weetem  Isles  of  Scotland  (Quarterly  Journal  of  the  Geol. 
Soe.,  xzx.  220),  and  of  Mr.  Ward's  careful  description  of 
fts  Tolcanic  rockB  of  the  Lake  district  (Ibid.,  xxxi.  388). 


BECnON  rv.— PETROLOGY  OF  VOLCANIC  ROCKS. 

The  comparison  which  has  been  now  made  between  the 
jliflnomena  and  products  of  modem  volcanoes  and  certain 
nenbers  of  the  Crystalline  class  of  rocks  will,  it  is  hoped, 
We  conclusively  demonstrated  that  the  latter  must  have 
oved  their  origin  to  a  volcanic  source.  Our  next  task  will 
k  to  look  at  these  rocks  on  a  larg^  scale  in  the  field,  to 
My  the  different  shapes  and  forms  imder  which  they 

Cient  themselves  in  mass,  to  examine  their  relations  to 
beds  by  which  they  are  surrounded,  and  to  inquire  how 
iir  toch  observations  will  guide  us  to  a  knowledge  of  the 
Wonutanoes  under  which  they  were  formed. 

UtttaatioB  into  Intnudve  and  Ck>ntemporaneoiui. 

^The  molten  products  of  igneous  action  are  in  the  first 

Maaoe  forced  up  through  apertures  torn  through  the 

■Krfwe  of  the  grotmd,  and  forcibly  injected  into  cracks  and 

1^  which  afford  a  passage  for  their  escape,  and  they  must 

^  exist  in  large  masses  in  cavities  below  the  surface. 

wKen  the  contents  either  of  an  aperture,  a  crack,  or  a 

^Aj  cool  and  harden,  bodies  of  crystalline  rock  will  be 

"■ttied;   these  will  evidently  assimie  different  external 

■•pes  in  the  three  cases  mentioned,  but  they  will  all  agree 

Jone  point — ^they  will  all  give  proof  of  having  burst 

^ough  the  rocks  which  surround  them ;  hence  they  are 

vl  daaeed  together  as  Intrusive. 
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The  'columns  of  cooled  lava  which  fill  up  an  old  volcanic 
chimney  are  known  as  NecJu ;  the  hardened  contents  of 
cracks  form  Dykes  or  VeinSf  the  term  Dyke  *  being  restricted 
to  those  fi'ssures  which  are  approximately  recminear  and 
vertical,  while  the  more  irregular  tortuous  or  branching 
rents  give  rise  to  Veins.  The  solidification  of  the  molten 
masses  of  cavities  produces  large  amorphous  Maues. 

It  is  clear  that  any  mass  of  mtrusive  igneous  rock  must 
be  of  later  date  than  the  rocks  it  traverses,  hence  iatra8i?e 
igneous  rocks  are  also  spoken  of  as  Subsequent. 

But  the  molten  matters  poured  out  from  volcanoes  also 
present  themselves  to  us  under  another  fonn.    Oreat  sheets 
of  lava  fiow  from  the  vent  and  spread  themselves  over  the 
surrounding  district.     These  stream  over  the  pre-existing 
rocks  instead  of  bursting  through  them,  and  they  therefoi^ 
stand  somewhat  in  the  same  relation  to  the  rocks  beneath 
them  as   an  overlying  stratum  of  sedimentary  material 
and  are  in  this  respect  clearly  marked  off  from  rocks  of 
an  intrusive  character.     Lava  sheets  poured  out  on  diy 
land  may  be  lowered  beneath  bodies  of  water "  and  aedi- 
mentary  rocks  laid  down  above  them ;  or  it  may  happen 
that,  after  a  mass  of  derivative  rocks  has  accumulated 
beneath  water,  a  subaqueous  stream  of  lava  may  flow  oTe^ 
them,  and  be  in  turn  itself  covered  by  further  depositions  (» 
sediment.   In  these  ways  there  will  arise  formations  consist* 
ing  of  alternations  of  beds  of  molten  and  sedimentary  origin? 
the  rocks  of  both  classes  being  truly  interstratified  and  pe^ 
fectly  conformable  in  their  beddine  to  one  another.    An  in- 
stance of  a  formation  of  this  sort  is  furnished  by  the  dlda^ 
rocks  of  Arthur's  Seat,  shown  in  the  section  on  Fig.  89i 
Igneous  rocks  formed  under  these  circumstances  are  called 
Interheddedy  or,  because  they  were  formed  at  the  same  time 
as  the  sedimentary  beds  among  which  they  are  found,  Omi- 
temporaneom.     Now,  in  studying  any  mass  of  igneous  rock 
we  may  come  across  in  our  investigations,  the  mrst  thing  to 
be  made  out  is,  to  which  of  these  two  classes  does  it  belong. 
Is  it  Intrusive  or  Contemporaneous  ? 

In  many  cases  there  is  not  room  for  a  moment's  hesita- 
tion on  this  point :  a  cylindrical  pipe  driUed  through  bedded 

*  *'Dyke"    means    in   north  moved  by  denadation  than  the 

country  language  a  wall.    The  former,   and  a  rib   of  the  more 

contents    of   igneous    dykes  are  durable  rock  is  left  standing  np^ 

usually   harder   than  the  rocks  running  like  a  wall  aoroas  the 

they  traverse;   hence  the  latter  country, 
are  more  easily  and  largely  re- 
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entaiy  strata,  or  a  rent  torn  across  them  at  right 
ft  to  ihe  bedding,  and  jGJled  up  with  hardened  laya, 
h  oondusive  proof  that  the  latter  is  intrusive.  And 
t  sight  it  might  seem  equally  safe  to  pronounce  that  a 
heet,  lying  between  two  masses  of  sedimentary  strata 
to  upper  and  under  surfaces  parallel  to  the  bedding  of 
cks  aoove  and  beneath  it,  was  imdoubtedly  contem- 
Boufl.  But  such  a  conclusion  would  not  necessarily 
pood,  because  there  are  cases  when  lavas  have  been 
[y  intruded  between  the  planes  of  hedding  of  pre-existing 
antary  rocks,  and  where  they  have  coii^ed  themselves 
Mj  and  for  such  long  distances  to  the  space  between 
nsecutive  beds,  that  a  delusive  appearance  of  true  inter- 
ig*  is  produced.  In  the  case,  therefore,  of  a  lava  eheei 
care  is  often  needed  before  we  can  decide  whether  it 
nimve  or  contemporaneous ;  some  of  the  tests  which 
\  the  question  have  already  been  hinted  at  in  the 
ption  of  Arthur's  Seat,  and  the  subject  will  be  more 
seated  of  further  on. 

wration  of  Neighbouring  Socks. — One  fact  which 
id  UB  in  clearing  up  such  doubtful  cases,  and  which 
all  also  have  occasion  to  refer  to  in  connection  with 
branches  of  our  subject,  is  the  alteration  wrought  by 
tense  heat  of  lavas  in  the  rocks  they  come  in  contact 

Soft  Clays  are  baked  into  hard,  flinty,  porcelain-like 

Sandstones  are  hardened  and  rendered  crystalline ; 
(tones  are  turned  into  marble ;  Coal  is  converted  into 
r  or  soot.     Owing  to  the  low  conducting  power  of 

such  changes  seldom  extend  to  any  great  distance 
the  margin  of  an  igneous  mass ;  and  sometimes  the 

immediately  in  contact  with  the  once  molten  matter 
xrfectly  unaltered.  The  absence  of  alteration  is  easily 
Ined,  if  we  recollect  that  the  chilling  effect  of  the  sur- 
ing  rock  would  rapidly  cool  the  layer  of  fused  matter 
iiately  in  contact  with  it,  and  a  crust  would  thus  be 
d  which  would  separate  the  still  liquid  central  portion 
the  rocks  on  either  side  and  prevent  the  passage  of 
!rom  one  to  the  other. 

dvded  Fragments. — Intrusive  rocks  too  frequently 
ff  and  carry  along  with  them  fragments  of  the  rocki9 
^  which  they  have  forced  their  way ;  such  detached 
us  vary  in  size  from  mere  stones  up  to  larg^  masses, 
are  usually  baked  and  hardened.  Fig.  42  shows  a  case 
8  sort  seen  on  the  castle  rock  at  Dunbar.  A  mass  of 
istone  ( 1 )  has  burst  through  Sandstones  and  Shales  (2) ; 
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the  former  are  altered  along  the  line  of  junction  into  a 
cryatalline  Quartzite  (3),  and  in  the  very  middle  of  tlie  greea 
stonti  is  a.  wedgo-ahaped  mass  of  Bimi^  Quartzite  (4j,  evir^    _  _ 
demtly  a  large  fragment  of  the  SnodBtone,  through  whiel=:*»'i' 

the  intrusive  rock  was  ejected,  caught  up  by  the  liquid  la v^a- 

haked  b;  its  heat,  and  retained  in  its  midst  when  it  GOolfi£»^^^ 


I 


It  Kometimcs  hajipens  that  subnerial  lava  etreama,  too*^:^*'' 
contain  included  blocks.  If  they  flow  over  grotind  coveret^  *^' 
with  loose  fragments,  Home  of  these  may  be  caught  up  aac^^  '' 
embedded  in  tnem,  or  blocks  of  rock  may  have  been  throwc^^^ 
out  of  a  volcanic  vent,  fallen  on  the  surface  of  a  lava  whU^^  * 
it  was  3^t  soft,  and  sunk  down  into  the  body  of  the  rock. 

Fragmental  Interbedded  Hooka.— The  fragmenta 
productH  of  volcanic  action  give  rise  to  rocks  wMch  an 
necessarily  for  the  most  part  of  an  intnrbedded  character  -^^ 
deposits,  namely,  of  stones,  cinders,  and  lapiUi  shot  intc^^^ 
water  and  arranged  in  layers  alternating  with  teds  of  purel^^^ 
eedimentary  origin,  or  to  strata  formed  of  a  misture  o^^ 
volcanii?  ash  and  sediment. 

Vvoks  of  Agglomsrat«. — But  it  sometimes  happen^*- 
that  the  chimney  of  a  volcanic  vent  has  been  filled  in«> 
not  with  hardened  lava,    but  with  a  confused  ma«8   o^^ 
volcanic  ejections,   which  have  fallen  back  into  it   afteg^_ 
they  were  hurled  into  the  air.      We  thus  get  Neeht  ti^^^ 
Voleanie  Agglomerate,  where  the  latter  stands  to  the  but — 
rounding  rocks  in  the  same  relation  as  a  plug  of  mtiiisiv^^ 
molten  rock.    Such  masses,  though  theycan  hardly  perhapu^ 
be  called  intrusive  in  the  proper  sense  of  the  word,  arti^ 
clearly  distinguishable  from  the  truly  iuterbedded  deposit.*^ 
of  volcanic  ejections. 

iBvtancei  of  tha  Xodes  of  Oaonrrmca  of  Toltuuiit^^^ 
Booln.^We  will  now  consider  a  little  more  in  detail  tht^^* 
different  forms  under  which  we  have  seen  that  laig«  bodie^^^" 
of  volcanic  rock  present  themaelvee.   These  may  be  classified ■ — 
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-vaAm  the  foCowmg  teadfl:    Masses,  Dykes  and  Veins, 
^ecks,  and  Sheets. 

Jf«»«.— One  fona  under  which  Crystallme  rocks  occnr 
u  that  oi  large  masses,  sometimes  many  square  miles  m 
«xt«nt;  they  are  oocasJonally  approximately  circular  c 
«lliptu4l  in  shape,  tut  frequently  their  outline  j 


4S,  vhloh  shows    a  grormd  plan  of   a 
id  in  the  north-west  of  Ireland,  and  a 


boss  of 
section 


•  h,  win  give  an  idea  of  the  character  of  these  igneous 
'»  highly  probable  that  masses  such  as  we  are 
ing  are  in  many  caaes  the  hardened  contents  of 
— „._..s  of  lava,  which  existed  originally  deep  down  in 
*lke  bowels  of  a  Tolcanic  area,  and  which  have  been  brought 
^^  light  by  the  denudation  of  the  rocks  which  corered  them. 
"^^Vt  Tery  many  of  the  largest  Crystalline  masses  may  be 
X^ntoimced  ahnoBt  with  certainty  to  be  the  result  of  the 
^*iWtion  by  heat  and  other  agents  of  rocka  originally 
^^^Mimentaiy,  because  they  are  found  to  pass  by  insensible 
i  into  locks  of  that  olass.  Ab  one  instance  we  may 
1  large  masses  of  quartiose  porphyritio  trap  in  th« 
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neighbourliood  of  UanberiB,  on  the  borders  of  which  sndi 
a  passage  is  found  to  occur.* 

Dykes  and  Veins, — ^It  has  been  already  mentioned  that 
modem  yolcanic  cones  are  frequently  torn  across  by  rents 
approximately  vertical,  which  are  afterwards  filled  in  with 
lava ;  ribs  of  igneous  rock,  exactly  similar  in  character,  are 
constantly  mot  with  cutting  across  the  older  rocks  of  the 
earth's  crust.  Sometimes  these  can  actually  be  seen  to  be 
offshoots  from  a  large  igneous  mass :  this  is  the  case  in 
Fig.  43,  where  many  dykes  are  seen  running  out  from  the 
main  body  of  the  trap  into  the  surroundine  country.  More 
frequently,  however,  the  connection  of  these  older  dykes 
with  the  parent  mass  can  no  longer  be  traced ;  they  have 
been  either  severed  from  it  by  denudation,  or  they  descend 
deeper  into  the  earth  than  we  can  foUow  them  before  they 
reach  it. 

Dykes  are  found  of  aU  dimensions,  both  in  length  d^ 
breadth ;  they  vary  in  thickness  from  less  than  a  foot  US' 


Fig.  44. — GnxBNSToirB  Dtxbs  outtuvo  th&ouoh  Shalb  aid 
Ltmbstokbs,  wut  or  Dunbab. 

wards ;  and  while  in  some  cases  the  portions  of  them 
appear  at  the  surface  do  not  extend  longitudinally 
more  than  a  few  yards,  in  others  they  can  be  traced  oo 
tinuously  for  miles.  _^^e 

The  section  on  Fig.  43  shows  dykes  with  remarkably  tr^^^ 
and  even  walls  ;  Fig.  44  is  a  sketch  of  a  group  of  dykes  ( 
more  irregular  in  outline,  cutting  through  Shales,  San 
stones,  and  impure  Limestones,  and  senoing  tongues  o 
into  them. 

Necks, — ^A  good  instance  of  a  plug  of  hardened 
filling  up  an  old  volcanic  vent  has  been  already  given 
the  section  of  Arthur's  Seat  in  Fig.  39.     In  this  case 

neck  is  still  surrounded  by  part  of  the  cone  which  ^ . 

traversed ;  more  frequently,  however,  the  softer  and  friab— --^^ 
surrounding  of  fragmental  matter  has  been  carried  e^wi^^^^ 
by  denudation,  and  the  central  column  of  hard  lava,  or 

•  The  OeologT  of  ^orth  Wales,      of  England  and  Walea,  voL  1 
Memoirs  of  the  Geological  Survey      chap.  20. 
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lower  portion  of  it,  alone  remains  to  fix  the  position  of  the 
orifice.  These  remnants  of  the  plugs  that  once  filled  volcanic 
rents  are  veiy  common  among  the  old  volcanic  rocks  of  the 
central  valley  of  Scotland.  Some  good  instances  may  be 
seen  on  the  Berwickshire  coast,  where  isolated  bosses  of 
porohyritic  Felstone  stand  up  in  low  hills  above  the  softer 
rocKS  of  the  surrounding  country.*  When  these  are 
examined  they  are  found  to  be  rudely  cylindrical  columns 
which  descend  vertically  through  the  surrounding  strata. 
There  are  also  in  the  same  district  lofty  conical-shaped 
hills — Trapain  Law  and  North  Berwick  Law  for  instance 
— composed  of  a  similar  rock.  We  cannot  prove  by  actual 
inspection  in  these  latter  cases  that  the  eminences  are  the 
summits  of  great  cylinders  that  pierce  through  the  beds 
around  them ;  but  such  a  supposition  is  highly  probable ; 
and  we  may  very  fairly  look  upon  these  prominent  peaks  as 
probably  portions  of  the  column  of  lava  that  rose  through  a 
volcanic  orifice,  their  size  being  due  partly  to  the  fact  that 
the  volcano  was  a  big  one,  and  partly  to  their  having 
fonned  a  portion  of  the  column  where  the  orifice  was 
roomy.  These  necks  usually  project  above  the  surrounding 
rocks  for  the  same  reason  that  dykes  stand  up  in  walls, 
because  they  are  the  harder  of  the  two. 

But  we  have  already  mentioned  that  a  volcanic  vent  is 
sometimes  filled  in,  not  with  hardened  lava,  but  with  a 
mass  of  Volcanic  Agglomerate.  A  capital  instance  in 
Ayrshire,  described  by  Professor  A.  Geikie,t  is  illustrated 
by  Fig.  45. 

The  section  runs  across  a  basin  consisting  of  the  follow- 
ing rocks.  At  the  bottom  are  Shales  and  Sandstones  (a) ; 
upon  these  rest  some  beds  {b)  which  consist  of  irregular 
aCtemations  of  volcanic  ash  and  brick-red  Sandstone. 
Then  come  sheets  of  lava  ((?),  consisting  of  Labradorite  and 
specular  Iron  ore,  with  sometimes  a  little  Au^te.  These 
are  covered  by  beds  {d)  similar  in  composition  to  {h). 
Above  all  there  is  a  group  of  brick-red  Sandstone  (c),  con- 
taining in  its  lower  part  occasional  nests  of  volcanic  lapilli 
and  single  stones. 

From  this  section  we  learn  that  the  district  was  free 
from  volcanic  activity  during  the  deposition  of  the  beds  (a). 
The  next  beds  (h)  show  the  commencement  of  eruptions ; 

•  The  (Jeology  of  East  Lothian  moirs  of  the  Geological  Survey  of 

(Hemoin  of  the  Geological  Sur-  Scotland,  Explanation  of   sheet 

TBT  of  Scotland),  p.  40.  13,  paragraph  6,  and  of  sheet  14y 

t  GeoL  Mag.,  uL   243 ;    Me-  paragraph  26. 
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tikey  ver«  fonned  partly  out  of  sandf  sedi-  . 
ment,  and  partly  by  showerB  of  Tolcauio  diut  !^ 
and  lapUli,  wMch  fell  into  the  vater  wltere 
the  eilt  accumulated.  Then  came  the  emiuion 


iBtic  of  contemporaneoua  £owb  ;  they  are 
divided  into  beds  with  ala^^gy  or  cindeiy  upper 
and  under  surfaces,  and  Bometimea  pcuted 
from  one  another  by  layers  of  brick-red  Sand 
stone.  Euaniug  across  these  lavas  in  a  direc 
tion  perpendicular  to  the  stratification  there 
are  what  look  like  veins  of  horizontally  bed 
ded  red  Sandstone,  which  sometimee  radmte 
from  a  centre  forming  star-shaped  figurea 
These  were  doubtless  produced  in  the  follow 
ing  manner.  As  the  lava  oooled  cracks 
opened  in  its  surface,  and  sand  was  washed 
into  the  cracks  and  filled  them  up  before  they 
were  covered  by  the  next  flow.  The  absence 
of  lava  sheets  in  the  beds  (d)  shows  that 
volcanic  activity  was  on  the  decrease  durmg 
their  formation,  and  its  final  cessation  is  mdi 
cated  by  the  gradual  disappearance  of  vol 
canio  products  aa  we  pass  &om  the  lower  to 
the  upper  part  of  the  group  («). 

In  the  country  occupied  by  the  beds  (a) 
there  are  a  number  of  smaJl  rounded  hiUs 
or  hillocks,  two  of  which  are  shown  at  (f) 
and  {ff).  These  consist  of  a  vety  coarse  red 
Tolcamc  Agglomerate,  unstratified  and  tumul 
tnoue  in  appearance,  made  up  of  fraj^enta  of 
lava  similar  to  (e),  of  all  sizes  up  to  masses  a 
yard  or  more  in  length,  angular,  subongular 
and  rounded,  imbedded  in  a  gritfy,  f  elspathic, 
ferruginous  paste.  These  hillocks  rise  con 
spicuously  aoove  the  neighbouring  ground, 
and  might  at  first  eight  be  taken  for  me  rem- 
nants of  a  deposit  which  once  extended  over 
the  beds  (a),  the  greater  part  of  which  haa 
been  removed  by  denudation ;  but  such  is  not 
the  case.  Though  surrounded  by  the  Shales  ^ 
and  Sandstones,  they  do  not  lie  on  the  latter ;  ^ 
on  the  contrary,  they  descend  vertically  through 
them,  like  so  many  huge  pipes.    Li  short  th«y 
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rolcanic  necks,  each  representing  a  former  focus  of  eruption. 
[n  one  case  the  sides  of  a  neck  were  found  coated  with  a 
ining  of  rough  slaggy  laya,  which  had  dung  to  them  during 
he  discharge  of  a  stream  of  molten  matter. 

The  close  neighbourhood  of  these  vents  to  the  volcanic 
ticks  of  the  section,  and  the  similarity  between  the  blocks 
hej  contain  and  the  lavas  (c),  makes  it  almost  certain  that 
t  was  from  these  orifices  that  the  volcanic  products  of  the 
idjoining  rocks  were  discharged. 

For  other  instances  of  necks  of  volcanic  Agglomerate  see 
he  Geology  of  East  Lothian  (Memoirs  of  the  Geological 
Jurvey  of  Scotland),  p.  44. 

SheiU, — The  only  remaining  form  under  which  igneous 
ocks  occur,  is  that  of  sheets,  and  these  are,  as  has  been 
Oready  mentioned,  of  two  kinds,  intrusive  and  contem- 
x>raneous. 

Intrusive  sheets,  like  dykes,  are  merely  hardened  masses 
>f  lava,  which  were  forcibly  injected  in  a  molten  state  into 
rents  traversing  pre-existing  rocks ;  but  while  we  restrict 
he  term  dyke  to  those  cases  where  the  fissure  is  vertical 
)r  cuts  across  the  bedding  at  large  angles,  we  ujse  the  word 
iheet  where  the  cleft  is  inclined  at  small  angles  to  the 
redding,  or  where  the  actual  space  between  two  beds  has 
hixnished  a  channel  for  the  molten  matter.  The  difference 
n  appearance  between  the  two  forms  is  quite  enough  to 
ustij^  us  in  using  the  two  names ;  and  it  is  besides  desir- 
kble  to  keep  up  the  distinction,  because,  whereas  no  one 
ionld  suppose  a  dyke  to  be  anything  but  intrusive,  those 
heets  which  have  been  thrust  in  along  the  planes  of  bedding 
ire  liable  to  be  mistaken  for  contemporaneous  flows. 

A  contemporaneous  sheet  is  formed  by  the  flow  of  a  lava 
^ream  over  the  bottom  of  a  body  of  water  on  which  sedi- 
nentary  deposits  have  previously  been  laid  down,  and  by 
he  subsequent  formation  on  the  top  of  the  stream,  after  it 
las  cooled  and  hardened,  of  other  accumidations  of  sediment. 

Where  an  intrusive  sheet  cuts  across  bedding  planes,  its 
me  character  is  at  once  recognised ;  but  where  a  sheet 
locupies  the  space  between  two  beds,  it  requires  some  care 
o  determine  to  which  class  it  belongs.  The  tests  to  be 
ipplied  in  such  a  case  have  been  some  of  them  already 
nentioned  and  may  be  summarised  as  follows  : — 

Ifit.  Alteration  of  the  adjoining  rocks.  A  contemporaneous 
iheet  can  produce  alteration  only  in  the  beds  below  it,  because 
those  above  were  not  laid  down  till  after  it  had  cooled.  An 
introflive  sheet  can  alter  the  bede  above  as  well  as  those  below 
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it.  We  must  recollect,  however,  in  applying  this  test,  tha* 
the  absence  of  alteration  proves  nothiug,  because  igneoua 
Tockfl  eometiiQea  produce  no  change  in  the  beds  they  conue 
in  (lontact  with.  If  the  beds  above  as  well  as  those  belcnM 
on  igneous  sheet  are  altered,  we  ore  sure  it  is  intrusiye  s 
if  those  below  only  are  affected,  it  yields  a  prosumptioitf 
that  it  is  contemporaneous,  but  other  te^g  must  be  applledl 
before  we  can  be  certain  it  belongs  to  this  class.  | 

2nd.  Texture.  The  rocks  which  now  orerlie  a  coatem-^ 
poraaeouB  sheet  were  not  there  when  it  waa  poured  oat„ 
and  there  was  no  pressure  gn  it  from  above  at  the  time  if 
cooled.  Its  upper  surface  will  therefore  be  liable  to  have  M 
ropy  or  scoriaceous  texture,  or  to  be  full  of  bubbles  anM 
cavities  produced  by  the  eecape  of  the  contained  gasse&J 
The  vesidea  are  oft«Q  elongated  in  the  direction  of  the  fiowj 
having  been  dragged  out  by  the  motion  of  the  streaiiL^ 
Its  base,  too,  liVo  thHt  of  a  recent  lava  stream,  will  ofteoi 
bo  cindi-ry.  It  will  he  only  iu  the  cuutre  thitt  thure  waa 
pressure  enough  to  give  rise  to  a  dosely  grained  teztore— 
But  an  intrusive  sheet  was  weighed  down  from  abov9 
by  the  overlj-ing  rock  at  the  time  of  its  injection,  and  ths 
compression  thus  produced  prevented  any  part  of  it  froim 
assuming  a  loose  and  open  testure  ;  the  upper  and  under 
surfaces  may,  on  account  of  their  more  rapid  cooling,  b^ 
fine-grained,  while  the  slower  hardening  of  the  interioir 
may  nave  allowed  of  the  formation  of  more  largely  crystal- 
line products  ;  but  though  for  these  reasons  different  parts 
of  it  may  differ  in  grain,  the  whole  of  it  will  be  dense  and. 
compact,  it  will  rarely  show  scoriaceoue  portions,  and  if  iC 
be  at  all  vesicular,  the  cavities  will  be  neither  numerous 
Bor  large. 

3rd.  Eelations  to  the  bedding  of  rocka  above  and  below- 
.4.  contemporaneous  sheet  cannot  evidently  cut  across  or  eat 
its  way  into  the  beds  above  it,  because  they  were  not  ther9 
when  it  was  poured  out.  It  is  possible  that,  in  its  passaga 
over  the  underlying  strata,  it  might  disarrange  and  perhaps 
work  down  into  them,  but  this  could  take  place  ouly  to  tm. 
very  small  extent.  We  may  say  of  such  sheets  that  theic 
upper  and  under  surfaces  are  et&rywhere  parallel  to  th» 
bedding  of  the  rocks  above  and  beneath  them.  Thia 
will  not  be  found  to  be  the  case  with  intrusive  sheets^ 
they  have  sometimes  pursued  their  path  with  wonderfut 
constancy  along  planes  of  bedding,  so  much  so  that  tha 
examination  of  a  limited  exposure  might  lead  to  the  belieE 
that  they  were  interbedded ;  but  if  followed  out  they  wiK- 


invariably  be  found  soonor  or  later  to  oit  up  or  cut  down 
into  the  rocks  above  or  beneath,  or  to  send  out  tonnes  or 
nturta  into  them,  and  Bomewhere  to  break  across  the  Btrati- 
ncatioii  in  a  way  that  at  once  reveals  tuoir  true  character. 

4th.  The  presence  of  included  blocks  may  sometimes 
decide  whether  a  sheet  ia  intrusive  or  contemporaneous ; 
if  these  have  come  from  the  overlying  rocks,  the  sheet 
mast  belong  to  the  former  class. 

The  thira  test  is  perhaps  the  one  of  most  universal 
application.  Texture  alone  cannot  be  relied  upon,  and 
alteration  of  the  adjoining  rooks  may  bo  wanting ;  but  an 
intrusive  sheet  will  seldom  fail  to  show  its  ronl  nature 
somewhere  or  other  by  pursuing  a  course  tranGgrcssive  to 
the  bedding  of  the  rocks  among  which  it  occurs. 

Iji  the  account  of  Arthur's  Seat  a  few  pages  back,  the 
application  of  those  tests  to 
a  particular  instance  was 
pointed  out,  and  Fig.  46  is 
a  Eootiou  on  the  coast  west 
,  of  Dunbar  whith  further 
illustratos  the  subject.  Let 
UB  coniine  our  attention 
,  first  to  the  loft-hand  haK 
■  of  the  figTire.  We  see  there 
yi¥^  a  sheet  of  Dolerite  shown 
if'^"  by  the  dark  colour,  appa- 
rently intcrbedded  with  a 
group  of  Shales,  whose 
bedding  is  shown  by  the 
fine  poxallel  lines.  The  upper  and  imder  surfaces  of  this 
sheet  are  so  far  parallel  to  the  bedding  of  the  Shales, 
that  it  is  not  apparent  at  first  sight  to  which  class  it  be- 
longs. Let  us  apply  the  tests  jurt  given  to  determine 
its  true  character.  Li  the  first  place  the  beds  both  above 
and  ieloto  are  markedly  altered;  the  Shale,  which  a  few 
feet  off  the  Crystalline  rock  is  so  soft  and  clayey  that  it 
fields  readily  to  ttie  impress  of  the  finger,  is  baked  into 
a  hard,  flinty,  felaitio  rock,  which  will  scratch  glass,  and 
has  here  and  there  a  slightly  ciystalline  texture.  Hand 
spedmens  of  this  altered  Shale  could  not  bo  distinguished 
nom  a  compact  Felstone.  Next,  in  spite  of  its  rough  con- 
formity to  the  bedding,  we  find,  when  the  junctions  are 
doeely  scanned,  that  the  rock  has  thrust  out  bosses  and 
strings,  giving  it  rough  and  irregular  boundaries  very  dif- 
farent  from  the  even  planes  of  bedding  of  the  Shale.    The 
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floOT  of  the  Btream,  too,  gives  uninisbihable  proof  of  roug) 
usage ;  the  bi-ds  of  Shale  have  been  puckered  and  crumpled 
and  the  uppermoat  of  thnu  broken  up  into  emaU  bits,  wbid 
are  tilted  on  end  against  one  another,  eo  that  the  line  o 
junction  haa  a  jagged,  aaw-tike  edge. 

By  all  these  eigne,  then,  we  are  sure  that  the  sheet  I 
intruBive,  and  our  conclusion  is  confirmed  when  we  trace  i 
towiirds  the  right,  for  we  then  find  it  springing  out  from  i 
dyke,  which  cuts  vertically  aeroes  the  bedding.  This  dyki 
has  caused  great  alteration  of  the  rocks  on  cither  8i*de 
they  are  hnked  into  a  Felsite,  such  as  lies  above  and  belo^ 
the  ehi^et,  and  their  bedding  becomes  graduidly  effaced  ai 
they  approach  the  Dolerite,  and  replaced  by  a  rude  joint«i 
or  platy  structure  with  divisional  planes  parallel  to  tlu 
wallB  of  the  dyke. 

The  above  is  a  happy  case,  where  we  find  all  the  test) 
which  distinguish  an  intrusive  from  an  interbedded  strean 
exhibited.  The  ubserveriiiustiiulfsiii'ctti.  lie  always  wjuuUi 
lucky,  some  one  or  more  of  the  marks  of  distinction  are  often 
absent ;  the  igneous  rock,  for  instance,  may  not  have  girei 
rise  to  any  alteration  of  the  beds  it  traverses,  and  we  maj 
thus  miss  one  of  the  easiest  ways  of  determining  its  nature 
He  must  then  fall  back  on  another  test ;  and  there  are  vei] 
few  cases  indeed,  in  which,  when  all  the  circumstances  havi 
been  taken  into  account,  any  uncertainty  will  remain. 

SabdiTuioiui  of  IgueotLa  Kocks  into  Volcanio  aau 
Xrkppsut. — It  was  mentioned  in -the  beginning  of  thi 
chapter  that  many  of  the  Crystalline  rocks  resembled  si 
closely  in  every  respect  the  subaerial  molten  product*  o 
modem  volcanoes,  that  there  could  not  be  a  shadow  of  I 
doubt  that  they  are  ancient  lavaa ;  and  that  others,  whicl 
bear  evident  marks  of  having  been  produced  by  the  actioi 
of  heat,  still  dififer  in  some  essential  respect  from  the  lava 
of  the  present  day.  The  first  class  are  usually  distinguisliei 
as  Volcanic,  and  the  second  as  Trappean,  Under  tae  fin 
head  come  the  slaggy,  cindery,  and  amygdaloidal  Cryata! 
line  rocks ;  while  the  second  indudes  Dionte,  many  compac 
Felstones,  Granite,  Syenite,  and  other  allied  rocks. 

We  will  here  point  out  the  main  points  of  differeno 
between  the  two  dasses,  and  see  how  far  certain  general 
izations,  which  some  authors  have  attempted  to  base  oi 
these  differences,  appear  to  be  sound.  The  subject  canno 
be  fully  gone  into  till  we  have  given  a  more  eomplet 
description  of  the  Trappean  rocks;  but  it  maybe  as  well  t 
mention  here  the  broad  results  we  shall  finally  arrive  at. 
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Ist  The  Yolcanic  rocks  are,  as  a  rule,  anhydrous,  or 
te  from  water,  and  have  the  cellular,  scoriacoous,  slaggy, 
ropy  texture,  which  is  exhibited  by  lava  streams  that 
ve  cooled  and  hardened  in  the  open  air ;  the  Trappean 
iks  are  usually  hydrated,  and  compact  in  texture. 
rhia  distinction  is  a  valid  one,  and  its  moaning  is  evident 
>ugh.  The  rocks  of  the  first  class  are  subaerial,  and  the 
tence  of  pressure  allowed  of  the  escape  of  the  steam, 
ich  all  lavas  contain  at  the  time  of  the  ejection,  and  of 
>  formation  of  those  structures  which  molted  matter  is 
;  to  assume  when  it  cools  under  an  absence  of  restraint. 
B  rocks  of  the  second  class  were  consolidated  under  pres- 
"8,  beneath  either  a  mass  of  overlying  measures  or  the 
ker  of  the  sea ;  and  thiis  their  water  was  prevented  from 
aping,  and  they  were  not  free  to  boil  up  or  drag  them- 
ves  out  into  spongy  or  slaggy  shapes.  That  the  two 
ids  of  rocks  had  a  common  origin,  and  difPer  only  because 
y  were  formed  under  different  circumstances,  is  proved 
the  existence  of  numerous  intermediate  forms,  which 
nr  a  passage  by  almost  insensible  gradations  from  the 
seme  of  one  class  to  the  extreme  of  the  other. 
2nd.  It  is  also  stated  that  tlicre  are  certain  mineralo- 
sal  distinctions  between  the  two  classes.  The  minerals 
the  Yolcanic  group  are  usually  glassy,  those  of  the 
appean  dull  and  opaque.  Thus  among  Acidic  Crystalline 
iKB,  Sanidine  or  glassy  Orthoclase  is  supposed  to  be  con- 
ed to  the  Volcanic,  common  Orthoclase  to  the  Trappean 
88.  In  the  Basic  class,  both  Hornblende  and  Augite, 
t  principally  the  former,  occur  in  Trappean  rocks,  but 
ly  the  latter  in  Volcanic  rocks.  Also  Trajipoan  rocks  are 
d  to  be  richer  in  Silica  than  Volcanic. 
rhere  are  certainly  exceptions  to  these  generalizations ;  * 
fc,  allowing  them  to  be  true  in  a  general  way,  it  seems 
ftcult  to  attach  much  value  to  them.  From  a  merely 
aeralogical  point  of  view  they  may  have  some  interest ; 
ij  when  we  reflect  on  the  verj'^  minute  character  of  the 
tinctions,  and  further  consider  that  the  one  class  of  rocks 
ly  as  we  shall  inmiediately  mention,  in  many  cases  older 
tn  the  other,  it  is  difficult  to  resist  the  suspicion  that  such 
Ferences  may  be  no  more  than  the  result  of  time.     The 

For  instance,  tbe  Trachytes  chap,  ziv.) ;    a  veiy  ancient  lava 

Sardinia  of  post-Eocene  age,  on  Cader  Idris,  vith  crystals  of 

ich  contain  Hornblende  (Ge-  glassy    Felspur    (Ramsay,  G^eo- 

sl    de  la    Marmora,  Voyage  logy  of  NorUi  Wales,  p.  28). 
Sardaigne,  3Tne.  pt.  tome  i. 
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supposed  greater  richness  in  Silica  of  Trappean  rocks  may, 
for  instance,  be  readily  explained  by  supposing  that  sub- 
stance to  have  been  deposited  b j  water  peroolating  throogli 
them  during  the  lone  lapse  of  time  that  has  passed  sinoe 
their  formation ;  or  by  tne  removal,  by  percolating  water, 
of  their  more  soluble  constituents,  and  the  retention  of  the 
less  readily  dissolved  Silica.* 

3rd.  We  come  to  a  far  more  important  generalization, 
which  some  geologists  attempt  to  maintain  in  connection 
with  the  present  subject. 

It  is  asserted  that  the  older  igneous  rocks  are  Trappean 
in  character,  while  those  belonging  to  the  more  recent  geo- 
logical periods  and  those  of  modem  date  are  Volcanic;  and 
an  attempt  has  been  made  to  lay  down  rules,  based  on  this 
statement,  by  which  the  age  of  an  igneous  rock  may  b® 
determined  by  its  mineral  diaracter  alone. 

The  above  assertion  is  correct  in  many  cases — ^in  so  manj* 
indeed,  that  there'  is  no  wonder  that  it  was  assumed  to  b^ 
imiversaUy  true ;   at  the  same  time  there  are  exceptions 
enough  to  it  completely  to  upset  the  generalization  attempted 
to  be  drawn  from  it.     In  the  first  place,  that  Trappean  or 
deep-seated  rocks  should  be  more  numerous  amon^  ib^ 
older  deposits,  and  that  Volcanic  or  subaerial  rocks  shonl^ 
prevail  among  those  of  younger  date,  is  only  what  is  to  be 
expected;  for  subaerial  products  of  any  antiquity  could 
only  by  a  hicky  chance  escape  the  destructive  action  (A 
denudation,  and  must  therefore  be  rarer  than  those  deep- 
seated  products  which  have  been  better  protected  from  its 
action ;  while  in  the  case  of  the  newer  formations  denuda- 
tion has  not  yet  had  time  to  carry  away  the  lavas,  ashes, 
cones,  and  other  external  products  of  volcanic  action,  and, 
by  the  removal  of  these  and  the  masses  of  rock  underlying 
them,  to  lay  bare  the  formations  that  have  hardened  far 
down  in  the  bowels  of  a  volcanic  area.     In  short,  the 
generalization  amounts  to  no  more  than  this:   the  older 
igneous  rocks  are  mainly  deep-seated,  because  denudation 
has  largely  carried  away  the  subaerial  igneous  formations 
of  distant  epochs;  newer  igneous  rocks  are  mainly  sub- 
aerial, because  denudation  has  not  yet  worked  its  way 
down  to  the  deep-seated  formations  of  recent  periods. 

We  must  also  bear  in  mind  that  the  changes  which  time 
is  always  producing  must  necessarily  cause  a  difference 
between  a  rock  of  comparatively  recent  and  one  of  very 

t  Sterry  Hunt, Quart.  Joum.  Geol.  Soc.  of  London,  xv.  493. 
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LOte  date;  and  thiB  may  be  the  explanation  of  the 
.eralogical  differences  between  Volcanic  and  Trappean 
DS  mentioned  under  the  second  head. 
t  will  be  sufficient  to  notice  only  one  or  two  of  the 
lerouB  exceptions  to  this  third  generalization.  In  the 
:e  country  of  England  there  is  a  group  of  rocks  known 
ihe  "Green  Slates  and  Porphyries,"  which  were  pro- 
ly  in  part  of  subaerial  Tolcanic  agency.  Many  of  theso 
Uowing  maybe  for  a  little,  but  a  very  little,  degree  of 
iening — cannot  be  distinguished  from  modem  cellular 
U9,  and,  tried  by  the  tests  mentioned  above,  would  cer- 
ly  be  placed  in  the  Volcanic  class,  but  they  date  far 
k  in  the  geoloncal  record.  Again,  among  the  sheets 
gneous  rock  which  occur  in  the  Scotch  Carboniferous 
8,  a  formation  of  great  antiquity,  it  is  the  commonest 
ig  to  find  some  with  a  cindery  base  and  slaggy  toj), 
ctly  such  as  characterize  modem  lava  streams.  Such 
ances  might  be  multiplied,  if  it  were  necessary,  without 
it.  The  reason  why  subaerial  rocks,  in  cases  like  these, 
e  survived  through  such  long  periods  is,  that  shortly 
IT  their  emission  they  were  covered  up  by  sedimentary 
B,  and  so  preserved  from  the  destructive  effects  of 
udation. 

"he  distinctions,  then,  between  the  two  classes,  as  far 
they  are  well  founded  and  of  any  real  value,  are  due 
nly  to  the  different  circimistances  under  which  the  rocks 
mging  to  each  were  formed,  partly,  perhaps,  to  changes 
f  have  undergone  since  the  date  of  their  formation, 
y  are,  therefore,  accidental  and  of  comparatively  little 
aent;  but  if  we  turn  to  the  grounds  of  resemblance 
ireen  the  two  classes,  these  are  seen  to  bo  far  more 
lerous  and  important,  and  to  point  forcibly  to  a  common 
;in  for  the  rocks  of  both. 

he  term  Plutonic*  is  used  by  many  authors  in  the  sense 
ch  has  been  here  assigned  to  Trappean;  others  are 
ined  to  group  together  Granite  and  its  allies  in  a  class 
ihemselves,  to  wluch  they  give  the  name  Plutonic.  We 
1  see,  however,  by-and-by  that  there  is  no  hard  line 
reen  Gbunitic  rocks  and  those  usually  designated  as 
ppean,  any  more  than  between  the  latter  and  volcanic 
lucts. 

Jl  three  terms  may  be  usefully  employed,  if  we  only 
r  in  mind  the  only  sense  in  which  they  can  properly  be 

From  Plato,  the  god  of  the  rocks  have  solidified  deep  down 
orgroimd  realm,  because  these      beneath  the  surface. 


used.     Tljoy  denote  simply  tha  conditions  under  wliich  ^ 

igneous  rock  haa  been  formed.     If  we  could  follow  a  sl^       ■**' 
of  such  Toek  I'ljiitinuously  trom  \he   eiteraal  lava  ^^B-***"' 
through  the  volfuno  down  into  the  reservoir  from  whi?-  i^»:*» 
it  issued,   we    should  donbUesa  find   a-t  different   poi— ^*^ 
instancee  of  tho  three  typea  passing  grodually  into      ^fw^^ 
another.     The  suliatrial  diadmrg^,  with  all  its  charftc^^C>^»^ 
iatie  accompaniiiieuts,  would  gradually  lose  these  and  I^^P™, 
on  a  Tra]i[H-iiii  I'onn  as  we  penotrated  into  the  bowel^^-" 
the  voluauo;    luid  still  deeper  down  the  Trappean  t-     ~VT* 
might  become  bo  much  mure  markedly  pronounced.  t=— -—^^ 
the  rock  might  deserve  to  be  dlBtuiguisht-il  as  Plulo^crraK- 
But  there  would  be  no  hard  lines  between  tho  three  s~"— ^''J^ 
divisions,  and  hence  in  nature  we  often  meet  with  ro^^=^''* 
that  puzzle  ua  to  say  to  which  vre  ought  t-o  refer  th^i^  ^^■ 
This  8ubj\.<.t  will  be  more  fully  handled  in  Chapter  VlIT"-^- 

A  spscidatiou  has  also  been  put  forth  that  the  ol--^^''*' 
igneous  lucks  are  mainly  Acidic  and  the  newer  iiiiii  i^^'" 
Basic  in  t'omposition.*  There  is  much  to  be  said  ft^^***™ 
a  broad  point  of  view  in  favour  of  this  idea,  but  —^  ^ 
the  same  timf  tliL're  are  many  farts  directly  in  the  teetir;^:^  ^, 
it.t  It  in  mentioned  here  mainly  beeause  geolo^tc^^* 
high  repute  have  been  found  to  countenance  it. 

Some   authors  hold    a  similar  opinion,   but    tinder""^, 
modified  IVimi.    Thus  Cotta  says,  "  We  an.  iJmost  jui 
in  holdinjj  it  for  a  universal  law  tliat  whenever  igat 
rocks  rich  in  SUica  occur  together  with  Basic  igneous  f"^;:^— i^at 
of  the  eaiui'  [leriod  of  eruption,  tho  latter  are  of  BOmewt---^  ^ 
later  origin  than  the   former."}     This  notion  has   an  ^^ 
priori  probability  in  its  favour,   for  it  ia  likely  that  I 
lighter  Aciilic  products  would  be  discharged  before  I 
heavier  Basic,  and  cases  may  doubtless  be  found  where  ^ — 
rule  is  true ;  but  there  are  also  eseeptions  enoiigh  to  iti^^-^" 
prevent  our  accepting  it  as  a  universal  law.     (See  Serop"-"^ 
■' Volcanoi's,"  pp.  125  and  a-17.)  ^_^ 

Other  aiti'uipta  have  been  made  by  chemists  and  pet::^^^^^^ 
graphers  to  discover  a  connection  between  tho   mine:::^^" -,. 
charactor  "1'  an  igneous  ro<:k  and  the  date  of  its  formatJC^^^^-'^^ 
but  theyliiive  all  broken  down  whrn  subjected  to  the  t 
of  geologlriil  examination  iu  the  field. 

*  Buroclier'i)   Esauy  <]U    Com-  t2S  ;  Allport  iu  Gi.olQ^iuU  JUoj 

liarativo  Petrology.     There  is  a  aine,  vol.  X.  p.  196. 
tranaUtion  id  Prof.  Haughkin'a  {  EocIib    closiiiled     and 

MaaiuJ  of  Geology.  BcTibed   (EngUth  kanslation], 

t  See   Scrope'n   Volcanoes,   p.  187. 


CHAPTEE  VII. 

METAMOMPHIC  ROCKS. 

"  Was  the  world  not  made  at  once  then  P  "  said  Felix. 
**  Hardly,"  answered  Jaruo ;  '*  good  hread  needs  haking." 

WiLHBLM  MeIBTBB's  TkAVELS. 

SECmON  I.— GENERAL  VIEW  AND  INSTANCES  OF 

METAMOKPmSM. 

General  Descristion. — The  rocks  wo  have  hitherto 
considered,  both  of  the  igneous  and  derivative  class,  have 
come  down  to  ujb  pretty  much  in  the  same  state  in  which  they 
were  originally  formed.  Time  indeed  has  not  passed  over 
their  heads  without  leaving  its  mark  upon  them  in  various 
ways ;  they  have  been  hardened,  new  minerals  have  been 
introduced  into  them,  and  they  have  undergone  other 
changes  of  a  similar  nature.  But  in  all  the  cases  that  have 
80  far  come  under  our  notice  the  utmost  amount  of  altera- 
tion that  has  been  effected  does  not  amount  to  much  ;  the 
diaracters  we  rely  upon  as  indications  of  origin  may  have 
been  disg^uised  to  a  small  extent,  but  no  rock  w^e  have  yet 
met  with  has  been  so  thoroughly  transformed  that  we  are 
no  longer  able  to  say  without  hesitation  how  it  was  produced 
and  what  was  its  original  nature. 

The  minor  modiiications,  however,  wo  have  already 
become  acquainted  with,  will  suggest  to  us  the  possibility 
of  there  being  rocks  which  have  been  altered  to  a  much 
greater  degree ;  and  observation  shows  us  many  rocks 
whose  peculiar  character  can  be  explained  only  on  such  a 
Bapposition.    To  these  we  shall  devote  the  present  chapter. 

The  process  by  which  changes  are  wrought  in  a  rock  after 
its  formation  is  called  Metamorphism,  and  rocks  altered  by 
its  action  are  distinguished  as  Metamorphic  Rocks,  Strictly 
f»peaking,  it  would  be  hardly  possible  to  find  a  rock  whidk 
is  not  metamor[)hic  to  some  degree,  but  the  term  is  usually 
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rMtrict^  to  those  rocks  wliioli  have  sufiered  traasformatioiui 
of  so  radical  a  uature,  that  it  ia  oolj  bj  long  and  attentiTe 
Btudy  that  we  become  convinced  they  are  merely  the  altered 
forms  of  some  of  those  rocks  we  have  become  already 
acquainted  with,  and  only  by  calling  in  the  aid  of  the 
chemist  aiid  mineralogist  that  we  can  form  any  reasonabls 
conjoctures  as  to  the  processes  by  whicli  the  alteration  has 
been  effected. 

It  will  be  as  well,  before  wo  come  to  a  formal  description 
of  the  rooks  usuaUy  dashed  as  metamorphic,  or  indul^  in 
any  speculation  as  to  the  causes  to  which  metamorpbism  ia 
due,  to  lay  before  the  student  a  deecription  of  one  or  two 
districts  in  which  rocka  of  this  dass  occur.  In  this  way  he 
will  at  Uie  outset  become  ocqu^nted  with  the  nature  of 
the  evidence  on  which  geologists  base  their  belief  in  the 
metamorphio  character  of  the  rocks  in  question,  and  will 
Hce  that  it  is  on  broad  geological  grounds  that  they  arc  leti 
irvpsistibly  to  this  KMiolutiiim.  It  will  iippi-ur  tbiit,  when 
rocks  of  this  class  are  studied  in  a  large  way  in  the  field, 
they  are  found  to  possess  on  a  ^jt  scale  many  of  the 
distinguishing  characters  of  derivative  deposits.  They 
consist  of  alternations  of  rocks  of  diiferent  character  and 
comiwsition,  just  as  in  sedimentaiy  beds  we  meet  with 
altemationa  of  Shale,  Saudatone,  and  Limeatone,  The 
Hcverol  members  are  laid  in  regularly  bedded  order  one 
u]>on  another,  and  range  over  the  country  according  to  the 
direction  and  amoiint  of  their  dip.  Among  them  we 
occasionally  End  beds  still  retaining  their  fossils,  conform- 
ably plated  with  regard  to  the  strata  above  and  below 
them,  and  evidently  forming  part  of  the  same  series.* 
Some  of  the  minor  peculiarities  of  derivative  deposits  are, 
moreover,  still  to  be  detected  in  rocks  of  this  class.  Thus 
Mr.  Sorby  has  recognised  in  Mica-schist  exactly  the  same 
ripple-drift  structure  which  we  have  already  seen  is  so 
<X)nimon  in  Sondstone.f  Lastly,  we  occasionally  meet  with 
transitions  of  the  most  gradiial  character  between  these 
rocks  and  stratified  fossiliferous  deposits,  the  two  melting 
imperceptibly  into  one  another.  IVom  extenBive  observa- 
tions of  this  nature,  we  arrive  at  the  conclusion  that  the 
rocks  now  under  consideration  were  originally  sedimentary 
deposits,  and  that  they  have  been  subsequently  altered  so 

*  MurchiHon,  Siluna,pp.  163 —  vol.  ir. ;    Lconhanl'a  Johrbuch, 

169 ;  liuSKiu  and  the  Oural  Moun-  1S40,  p.  362. 

laini,  402,  438,  465 ;    Brochant,  f  Quart.  Jouni.  Oeol.    Soc  of 

Annales   des  Mines,   1st  leriea,  London,  vol.  lu.  p.  401. 
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as  to  acquire  a  crystalline  texture  and  certain  structural 
pecnliarities. 

When  we  have  thus  seized  on  a  clear  view  of  the  general 
nature  and  probable  origin  of  the  metamorphic  rocks,  we 
shall  have  to  notice  sundry  laboratory  experiments  which 
point  to  the  same  result  as  our  field  observations,  and  give 
us  an  insight  into  the  way  in  which  the  transformation  has 
been  brought  about. 

Metainorphie  Bocks  of  Carrara. — The  first  case  that 
I  shall  bring  forward  has  been  already  employed  by  Sir 
Charles  LyeD,  but  it  is  so  much  to  the  point  that  I  do 
not  hesitate  to  reproduce  it  here.* 

On  the  borders  of  the  Qtdf  of  Spezzia,  on  the  eastern  shore 
of  the  Gulf  of  Genoa,  there  occurs  a  well-marked  threefold 
group  of  rocks.  The  uppermost  member  is  a  f  ossilif  erous 
Limestone  with  nodules  of  Flint;  below  this  are  Shales  ;  and 
at  the  base  argillaceous  and  siliceous  Sandstones.  These 
beds  are  intruded  on  at  various  points  by  eruptive  Ciystalline 
rocks,  in  the  neighbourhood  of  which  they  become  altered 
and  tne  Limestone  converted  into  white  Marble.  But  besides 
these  local  modifications,  they  are  foimd,  when  they  are 
followed  inland  to  the  heights  of  the  Apennines,  to  have 
undergone  a  more  wide-spread  metamorphism,  and  to  be 
at  last  replaced  by  a  group  in  which  a  threefold  sub- 
division can  still  be  traced,  but  the  members  of  which  are 
of  a  totally  different  character  to  the  rocks  of  the  co6ist 
section.  At  the  top  is  the  statuary  Marble  of  Carrara ; 
beneath  this  are  rocks  known  as  Talc-schist,  Mica-schist 
with  Garnets,  and  Jaspery  Porcellanite ;  and  the  lowest 
member  consists  of  Quartzite  and  Gneiss,  into  which  an 
imderlying  mass  of  Gh'anite  sends  veins.  The  Carrara 
Marble  is  a  rock  of  a  finely  crystalline  texture  like  that  of 
loaf  sugar,  with  little  or  no  trace  of  bedding,  and  without 
fossils,  and  contains  prisms  of  crystallised  Quartz ;  the 
Schists  and  Gneiss  are  highly  crystalline,  and  possess  the 
structure  known  as  foliation,  that  is,  their  crystals  are  not 

i 'ambled  together  without  order,  but  are  arranged  more  or 
BBS  in  layers,  each  consisting  in  large  measure  of  only  a 
single  mineral,  or  they  are  split  up  into  thin  plates,  the 
faces  of  which  are  coated  by  one  of  their  constituents,  such 
as  Talc  or  Mica.    The  Quartzite  and  Porcellanite  are  rocks 

*  See   Bone,    Balletin   de  la  hard's   Jahrbuch,   1833,  p.  102, 

SociM  G^logiqaede  France,  iii.  1834,    p.    663;    and    Karstcn's 

p.  52,  lor  a  summary  of  observa-  Archly.,  yol.  vi.  p.  229. 
tionon  this  district;  also  Leon- 
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bled  to  detect  so  gradual  a  blending  of  the  members 
^up  into  corresponding  members  in  the  other,  that 
3me  conyinced  that  the  beds  at  one  end  of  the  sec- 
1  be  nothing  else  but  the  transformed  equivalents  of 
t  the  other  end. 

main  facts  just  described  have  been  thrown  into  the 
:  a  diagram  in  Fig.  47.  It  must  not  be  supposed 
LS  is  intended  for  a  geological  section  of  the  country ; 
ly  an  attempt  to  bring  before  the  eye  in  a  pictorial 
hat  has  just  been  described  in  words. 
amorphic  Rocks  of  County  Donegal. — The  next 
e  that  I  shall  lay  before  the  reader  is  taken  from  a 
the  large  tract  of  Metamorphic  rocks  in  the  north- 
Ireland,  and  is  illustrated  by  the  section  in  Fig.  48.* 
he  left  we  have  sandy  Limestones  (1),  and  white 
mes  (2),  with  intrusive  masses  of  Diorite  (G).  These 
>pear  to  have  undergone  some,  but  not  a  very  large, 

of  metamorphism.  Some  of  the  Limestones  are 
grained  and  semi-crystalline,  and  among  the  Sand- 
ve  meet  with  beds  of  Quartzite  here  and  there,  but 
in  body  of  the  rock  shows  feeble  signs  of  alteration, 
•mes  a  thick  mass  of  Quartzite  (3),  forming  the  noble 
>wn  as  Errigal  Mountain;  this  is  an  intensely  hard, 
wely  grained  rock,  crystalline  in  parts,  well  jointed, 
lintery,  very  regularly  and  immistakeably  bedded, 
is  a  sedimentary  Sandstone  cannot  be  doubted,  but 
ount  of  alteration  necessary  to  turn  any  Sandstone 
luartzite  of  this  nature  must  have  been  considerably 

than  that  which  the  underlying  beds  (1)  and  (2) 
iffered.  Upon  the  Quartzite  there  lies  a  group  of 
)  consisting  mainly  of  Mica-schist,  with  interbedded 
of  Limestone,  Gneiss,  and  a  rock  that  cannot  be 
lished  from  Granite.  The  progressive  increase  of 
on,  which  occurs  in  passing  from  (1)  and  (2)  to  (3), 
B  still  more  strongly  marked  here ;  the  Mica-schist 
leiss  are  foliated,  the  Limestones  are  all  highly 
ine,  in  some  cases  converted  into  statuary  Marble, 
ne  of  them  contain  plates  of  Mica,  and  some  of 
initio  beds  are  coarsely  grained  crystalline  aggre- 
But  in  spite  of  the  advanced  stage  of  metamorplusm 
I  which  they  have  passed,  these  rocks  still  retain  a 
Aracteristic  and  strongly  marked  bedding.    In  this 

the  Granites  of  Donegal,  H.  Scott ;  Journal  Hoyal  Gkol. 
iah  Assoc.  (1863);  On  Soc.  of  Ireland,  i.  144;  GeoL 
ite  Bocks  of  Donegal,  K.      Mag.,  ii.  216,  yii.  653. 
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respect  they  Oftnnot  be  distiu- 
guislied  troia  a  group  of  inter- 
oedded  Sholea,  tjundstonee,  und 
Limestonea ;  and  it  is  only  vlien 
wo  break  into  them,  and  beoome 
aware  of  their  intensely  cryatalliiie 
toxtiire,  that  we  realise  the  amount 
of  Blteration.  they  must  have  gone 
through  to  reduce  them  from  the 
condition  of  ordinaiy  derivative 
eediment  to  their  present  state.  Ae 
we  go  towards  the  right  acrofiB  the 
group  last  mentioned,  B.  gradual 
diange  becomes  apparent;  tibe  beds 
of  granitiu  Gneiss  and  Granite  be- 
come thicker  and  more  numerous. 
and  the  intervening  bands  of  Mica- 
Bchiat  thinner  and  fewer,  till  we  at 
last  roach  ground  where  the  latter 
can  no  longer  be  detected  and 
which  is  wholly  occupied  by  Gra- 
nite. Wo  can  here  be  no  longer 
certain  of  the  existence  of  bedding, 
but  the  rock  is  traversed  by  a  num- 
ber of  divisional  planes  ranging 
parallel  to  the  stratilication  of  the 
undoubtedly  bedded  rocks  on  the 
left,  and  the  layers,  into  which  the  . 
rock  is  divided  by  these  planes, 
differ  from  one  another  in  grain, 
mineral  composition,  and  other  pe- 
ouliariticB,  just  in  the  same  wuy  as 
the  successive  beds  of  an  ordinary 
stratified  derivative  deposit  are  ob- 
served to  do.  Very  grave  suspi- 
cions, therefore,  arise  in  our  mind 
that  this  apparently  amorphous 
crystalline  mass  was  once  a  bedded 
rock,  and  that  the  signs  of  stratifi- 
cation have  been  all  but  effaced  by 
the  intense  degree  of  metamor- 
phism  which  it  has  been  subjected 
to. 

The  section  just  described  offers 
to  our  notice  a  group   of    rocks 
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^^Mch,  in  bedding  and  other  characteristics,  presents  the 

^^trongest  analogy  to  derivative  deposits,  while  it  differs 

^^vmi  these  latter  in  possessing  a  more  or  less  pronounced 

^:]Tystalline  texture.   On  the  first  ground  we  are  led  to  think 

^%iiat  the  rocks  must  have  been  originally  derivative,  while 

"Ue  impossibility  of  rocks  as  ciystaUine  as  these  are  having 

"l>een  formed  by  derivative  methods  alone,  convinces  us  that 

^the  crystallisation  must  have  supervened  after  their  deposi- 

^an.     And  it  is  in  favour  of  this  view  that,  in  proportion 

oas  tlie  crystalline  texture  becomes  more  and  more  marked, 

"the  traces  of  bedding  become  less  and  less  distinct. 

Xt   is  by  a  consideration  of  a  large  mass  of  evidence, 

similar  to  that  furnished  by  the  two  cases  just  given,  that 

^^eologists  are  led  to  a  conviction  of  the  metamorphic  origin 

^yf  tlie  rocks  now  under  consideration.     Let  us  summarize 

"die   facts  just  brought  before  us  and  the  reasoning  that 

:^U>ipr8  from  them. 

Xn  the  example  of  Meissa  Carrara  we  start  on  beds  of 
ordinaiy  derivative  type,  and  find  them,  6is  we  follow 
across  the  country,  changing  by  degrees  and  gradually 

mttiiig  on  new  forms,  till  at  last  they  pass  into  rocks  so 

-totally  different  from  those  we  began  with  in  external  look, 
'  character,  and  everything  except  ultimate  chemical 
position,  that,  if  we  had  not  been  able  to  trace  them 


^ntinuously  from  one  extreme  to  the  other,  and  note  all 
intermediate  links,  we  should  never  have  suspected 
^^^liat  the  rocks  at  one  end  of  the  section  were  nothing  more 
the  altered  equivalents  of  those  at  the  other  end; 
»ut  so  insensible  is  the  transition,  that  there  cannot  be  a 
kSiadow  of  a  doubt  on  this  point. 

In  the  Irish  instance  our  reasoning  takes  a  different  line: 
is  not  the  same  gradual  passage  of  the  same  rock  from 
unaltered  to  its  altered  state ;  the  beds  are  all  of  them 
or  less  of  the  same  type  as  those  at  the  Apennine 
^:Kid  of  the  Carrara  section.  Now,  no  one  can  gainsay  the 
^^cmcliision  that  the  latter  are  altered  derivative  rocks,  and, 
Q  the  strength  of  the  exact  resemblance  between  the  two, 
'«  do  not  hesitate  to  assert  the  same  of  the  Irish  beds, 
'en  though  we  can  nowhere  follow  them  passing  into  an 
xxzoaltered  state;  and  this  conclusion  is  further  supported  by 
oixr  finding  in  the  greater  part  of  them  bedded  structure 
s^xU  remaining. 

One  more  fact  calls  for  special  notice.    In  both  cases  the 

intensity  of  the  metamorphism  keeps  increasing,  as  we  go 

m  a  certain  direction,  till  the  series  ends  in  Granite.    It 
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may  be  tliat  tlie  Granite  has  been  intruded  in  a  f  iised  etai 
and  that  boat  spreading  from  it  has  brou^^tit  abi)ut,  in 
manner  wliiuh  will  bo  diaeiissod  Bhortly,  tlie  metamorpbit 
of  the  surrounding  rocks.  But  it  ie  equally  likely,  in  nuu 
cases  far  more  probable,  that  the  Granite  itself  is  only  t 
result  of  tho  extn>me  stage  of  metamorphism ;  that  i 
process,  which  at  certain  stages  only  gave  rise  to  Qneii 
when  carried  a  step  further  went  to  the  length  of  actual 
fusing  the  rocka  it  att'ect«d,  and  that  tho  mohi?n  ntai 
cooling  under  pressure,  hardened  into  Oranite.  But  t 
shall  bare  more  to  say  on  this  point  in  the  nest  chapt«r. 

JESfFeots  of  KfltuBorphuun. — The  most  obvious  rest 
of  motamoriihism  has  bet-n  to  supurinduee  a  crystallii 
structure  in  rocks  originally  derivative.  Its  effects  iip. 
tho  beddine  vary  in  ditferent  cases ;  sometimes  the  strati 
cation  can  he  sdll  distinotlr  traoed,  sometimes  it  has  bei 
obscured  or  rfjilacod  by  the  structure  already  alluded 
an  ftibiitiiiii,  wi>iiietiiiie«  neither  the  original  bedding  s 
loliatiiiii  iin-  ]iri>r>nt  ;  if  »  roi'k  ■iriginally  cnnbiined  fosai) 
ihrM^  in-i'  ii~ujill,v  olJ^vll.^t■d,  iind  frf(|Uently  ahogett 
effaced,  by  motamorphism. 

SubdiTisions  of  Xatamorphic  Bocks. — We  n 
conveniently  divide  the  Metamorjibic  rocka  into  th 
classes : — 

1st.  Those  ivhict  still  retain  thoir  bedding. 

2nd.  Foliated  or  Schistose  rocks. 

3rd.  Certain  Crystalline  rocks  of  the  Trappean  and 
tonic  groups,  which  are  believed  by  many  geologist*  ■ 
excessively  metamorphosed  rocks. 

About  the  origin  of  the  first  there  can  be  no  doubt ; 
bedded  structure,  the  occasional  presence  in  them  of  f- 
and  the  passage  that  can  often  be  traced  from  ther 
the  unaltered  rock  by  whose  metamorjiliiem  they  wei 
duced,  puts  this  beyond  question.     Wo  get  an  ink' 
to  the  way  they  were  produced  by  observing  ths 
closely  resemble  the  bands  of  baked  and  alterec 
which  have  been  already  noticed  as  frequently  su' 
ing  intrusive  igneous  masses,  and  by  sundry  laV 
exi)eriments  by  which  some  of  them  have  been  p 
artificially. 

The  origin  of  the  Schistose  rocks  is  not  quite  so 
at  first  sight.  Considered  by  themselves  and  jud 
by  isolated  hand  specimens,  there  is  little  about 
suggest  a  relationship  to  the  rocks  of  the  first  cla 
study  of  them  in  the  field  does  occasionally  show 
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from  tliem  through  the  latter  to  unaltered  derivative  rocks, 
and  loads  us  to  believe  that  they  represent  a  more  advanced 
stage  of  metamorphism,  in  which  the  rock,  without  being 
actually  fused,  was  so  far  softened  and  its  coherence 
weakened,  that  its  constituent  minerals  were  free  to  move 
among  one  another  and  group  themselves  in  separate 
layers,  and,  maybe,  to  become  decomposed  into  their 
chemical  elements,  so  that  the  latter  were  able  to  enter  into 
new  combinations. 

There  is  not  much  difference  of  opinion  among  geologists 
as  to  the  origin  of  the  rocks  whicli  make  up  the  two  classes 
just  described ;  they  are  generally  admitted  to  bo  altered 
derivative  dei)ositB.     But  by  no  means  the  same  unanimity 
prevails  with  respect  to  many  of  the  rocks  whi(^h  we  pro- 
pose to  place  in  the  third  class.     We  shall  follow  those 
authors  who  class  as  metamorphic  certain  members  of  the 
Trappean  and  Plutonic  groups,  such  as  many  Diorites, 
Oompact  Felstones,  Granites,  and  Syenites,  under  the  be- 
lief mat  the  partial  fusion  which  those  rocks  have  probably 
undergone  has  been  brought  about  by  the  same  causes 
tiiat  gave  rise  to  the  metamorphism  of  the  rocks  of  the  first 
two  classes,  only  that  in  the  case  of  the  former  the  action 
vas  more  vigorous  and  was  carried  further  than  in  the 
^ase  of  the  latter.     In  a  word,  we  shall  adopt  the  opinion 
^t  the  rooks  in  question  are  only  intensely  metiimor- 
P&osed  products. 

^  But  it  is  only  right  to  state  that  there  are  other  geolo- 
^^^8t8  who  will  not  admit  the  possibility  of  these  rocks 
*^ving  had  a  metamorphic  origin. 

3!hat  Trappean  and  Plutonic  rocks  have  been  once  in  a 
®^^te  of  partiial  fusion  is  allowed  by  both  sides ;  the  two 
^^^oolfl  differ  in  their  explanation  of  the  way  in  which  the 
Molten  condition  was  brought  about. 

In  order  to  make  the  matter  clear,  it  will  be  necessary 
^  give  a  smnmary  of  the  opposite  opinions  held  on  this 
«^l2ect. 

^Uiere  is  good  reason  to  believe  that  the  whole  earth  was 
in  a  state  of  fusion,  and,  according  to  one  school,  it 
now  of  an  external  solid  crust,  within  which  a 
or  detached  masses  of  the  orig^al  fluid  matericil 
^  remain  in  a  molten  condition.  Taking  this  view  of 
J^^  constitution  of  our  planet,  some  geologists  will  have  it 
^™j*^  all  lavas  are  portions  of  this  molten  interior  mass, 
^*^di  have  been  forced  up  to  the  surface,  and  that  those 
~^     known  as  Trappean  or  Plutonic,  which  differ  from 
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Bubaerial  laT&s  in  being  more  compact  and  crystaUine,  are 
portions  of  the  ewme  molten  interior  mass  tvliich  Imve 
eooled  and  hardened  under  preseure.  This  school,  then, 
draws  all  ignooue  product*  mm  an  internal  permanently 
molleit  rcKervoir. 

But  of  late  years  a  more  careful  examination  on  a  large 
scale  in  the  field  of  the  rocks  hitherto  dasB<>d  as  Trsppean 
and  Plutonic  has  ehown  that  they  can  be  occasionally 
traced  passing  insensibly  into  foliated,  or  tesa  highly 
metamorphoBM,  or  even  imaltered  derivatiTe  rocks ;  and 
also  that  they  occur  now  and  th^n  in  masses  of  a  bedded 
aspect  among  undoubtedly  stratified  deposits. 

These  facts  have  led  to  the  behef  that  such  rocks  have 
not  beon  derived  from  a  molten  interior  mass,  but  that  they 
are  only  intensely  altered  portions  of  the  solid  crust ;  asd 
when  we  can  trace  an  ordinary  derivatiTO  rock  becoming 
graduiilly  'Tyatidhnf,  then  putting  on  folialirm  but  still 
rotninhig  tniii'n  of  ils  lnJdiiig  ::rnl  original  (■)iiiriirt>.'r,  and 
lastly  gradually  losing  step  by  step  every  peeuharity  which 
originally  distinguished  it  and  passing  into  an  amorphous 
crystalline  mass,  it  does  seem  reaaonable  to  conclude  that  a 
chain  of  results  so  closely  connected  with  one  another  are 
only  successive  stops  of  the  same  process,  and  that  the  only 
difference  between  the  last  and  the  earlier  stages  ie  that 
in  the  former  the  process  of  alteration  haa  been  more 
thoroughly  carried  out  than  in  the  latter.  According  to 
this  view,  then,  Plutonic  and  Trappean  rocks  have  been 
produced  by  the  melting  down  of  portions  of  the  soUd 
crust,  and  fusion  was  produced  by  a  more  energetic  action 
of  the  same  causes  which  gave  rise  to  fohation  and  other 
metamorphic  changes.  And  since  lavas  are  only  the  sub- 
aerial  forms  of  Trappean  and  Plutonic  rocks,  they  also 
are  believed  to  have  arisen  in  the  same  manner  and  from 
the  same  cause.  By  those  who  take  this  view  rocks,  which 
we  would  place  in  a  third  metamorphic  class,  are  looked 
upon  as  the  result  of  a  stage  of  alteration  still  more 
advanced  than  that  which  gave  rise  to  fohation  ;  they  have 
been  more  than  softened  and  rearranged^ they  have  been 
actually  reduced  in  some  cases  to  a  state  of  partial  fusion. 

Adopting  this  view  of  the  origin  of  Trappean  and 
Plutonic  mosses,  we  can  distinguish  two  forms  under 
which  they  occur.  They  sometimes  seem  merely  to  take 
the  place  of  portions  of  the  surrounding  beds  without  show- 
ing any  signs  of  breaking  forcibly  through  them  ;  in  other 
cases  they  behave  intrusively,  and  send  out  tongues  or 
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dykes  into  the  neighbouring  rocks.  In  the  first  case  a 
body  of  the  original  rock  seems  to  have  been  quietly  melted 
down  or  otherwise  transformed  into  a  crystalline  mass ;  in 
the  second  the  action  was  more  ener^tic — ^the  rock  was  not 
merely  fused,  but  expanded  during  me  process  of  metamor- 
phism,  and  was  by  this  means  forcibly  injected  into  fissures 
and  rents  in  the  surrounding  strata."*^ 

The  two  views  as  to  the  origin  of  molten  igneous  pro- 
ducts are  not  necessarily  antagonistic.  They  may  be  both 
true.  Some  lavas  and  traps  may  have  come  from  an 
interior  permanently  fluid  reservoir,  and  some  may  have 
been  produced  by  the  melting  down  of  portions  of  the 
woBd  crust.  On  the  other  hand,  the  existence  of  any 
permanently  molten  masses  near  enough  to  the  surface  to 
allow  of  their  contents  being  forced  out  into  the  air,  seems 
on  many  grounds  extremely  improbable. 

In  the  preceding  pages  the  words  **  melted,"  "  fused," 
<< molten"  have  been  repeatedly  used.    In  dealing  with 
lavas  we  pointed  out  that,  though  we  might  employ  for 
shortness  sake  these  and  similar  expressions,  the  reader 
must  carefully  bear  in  mind  that  they  did  not  necessarily 
imply  perfect  or  simply  igneous  fusion.    A  similar  restric- 
tion applies  in  the  present  instance,  for  we  shall  see  shortly 
that  witer  and  other  agencies  aided  heat  in  the  production 
of  metamorphism,  and  that  there  is  no  reason  to  believe 
that  even  the  most  intensely  metamorphosed  rocks  have 
been  more  thoroughly  melted  than  ordinary  lava. 

SECnON  n.— DESCRIPTION  OF  THE  PRINCIPAL  VARIE- 
TIES OF  THE  METAMORPHIC  ROCKS. 

We  wiU  now  notice  some  of  the  chief  varieties  of  the 
Vetamorphic  rocks. 

lit  Class. — ^Those  which  still  retain  Traces  of  Beddino 

AXD  OTHER  PrOOFS  OF  THEIR  ORIGINALLY  DERIVATIVE 

Condition. 

(a)  Silice&us  Members, 

J^mU-rock  or  Quartzite. — ^An  agcregfite  of  Quartz  grains 
"<*^d  together  into  a  very  Lard  compact  rock  with  a 
•pJnrteiy  fracture.  It  can  scarcely  be  cmled  a  Crystalline 
''^  Wt  the  presence  of  Quartz  crystals  in  cavities,  and 
'^cadonally  in  the  body  of  the  rock  itself,  show  that  a 
^'^Btalline  texture  has  been  begxm  to  be  set  up  in  it,  and 

^  Stony  Hunt,  Quart.  Joum.  Geol.  Soc.  of  London,  xv.  490. 
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t.ho  gnunn,  when  examiaed  tfaroagh  a  lene,  have  k  boou- 
fused  aApeot.  Intormtidiiite  varieties  ocour  between  tbe 
most  eryirtallinG  form  of  Quarteite  and  the  more  closely  _ 
grained  Sandstones,  which  lead  ue  to  believe  that  the 
former  is  an  altered  condition  of  tbe  latter :  and  this  conclu- 
sion is  confirmed  by  the  following  considerations.  Blocks 
of  Sandstone,  which  have  been  for  some  time  in  use  for 
the  hearths  of  furoncw),  are  eonvertod  into  Ciuartzite,  and 
hare  sometimes  a  prismatic  structure  ^ven  to  them  ;*  and 
when  ipneouB  rooks  have  burst  through  Sandstones,  a  belt 
of  tbe  latter  surrounding  the  intrusive  mass  is  frequently 
found  to  be  baked  into  u  perfect  Quartzite. 

The  typical  Quartzites  are  almost  purely  siliceous  ro<^, 
but  Tarieties  occur  enclosing'  crystala  of  Felspar  and  oth^ 
minerals,  and  one  form  contains  Mica  in  sufficient  abund- 
ance, ami  arranged  with  sufficient  rcffularity  in  layers,  to 
give  it  a  suliiatose  structure. 

Lydian  Stone. — Differs  mainly  from  Quartzite  in  contain- 
ing small  admixtures  of  Alumina,  Carbon,  and  Oxide  of 
Iron ;  the  nmoimt  of  the  impurities  varies  very  much  ia 
different  specimens ;  often  ribboned  or  laminated.  Aa  the 
more  typical  Quartzites  have  arisen  from  the  metamorphism 
of  highly  siliceous  Sandstones,  Lydian  Stone  would  seem 
to  be  the  result  of  the  alteration  of  the  more  impure  argil- 
laceous Sandstones  and  sandy  Shales.  A  case  has  been 
idready  given  whei-e  Shales  have  been  converted  by  con- 
tact with  an  igneous  dyke  into  a  sort  of  Lydian  Stone. 

Innumerable  varieties  of  rocks,  to  which  it  is  scarcely 
possible  to  assign  definite  names,  have  arisen  from  the 
alteration  of  impure  Sandstones.  A  very  instructive  in- 
stance is  described  by  Prof.  Eamsay  in  the  neighbour- 
hood of  Llanberis.t  Underneath  the  well-known  roofing 
Slates  of  Penrhyn  and  Llanberis  is  a  group  of  bands  of  Slate, 
Qrit,  and  Conglomerate  resting  on  a  mass  of  quartzose 
porphj-ritic  Felstone.  The  Slates,  Grits,  and  Conglomerates 
are  altered  for  some  distance  from  the  junction,  "the 
alteration  increasing  as  it  approaches  the  undoubted  Por- 
phyry ;  and  it  is  easy  to  note,  first,  the  disappearance  of  the 
granular  structure  in  the  conglomeratic  and  sandy  matrix, 
and  its  gradual  assumption  of  a  porphyritio  character  with 
small  crystals  of  Felspar  embedded,  while  the  enclosed 
pebbles  still  retain  their  distinctive  forms ;  and  again,  on 

*  De  la  Bei^he,  liesearcheB  in  (Memoira  of  the  Geological  Snr- 
Theoretical  Geology,  p.  109.  vej  of  England  and  Wales),  pp- 

t  The  Oaology  of  N.  Wale*       140— 1«S. 
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approaching  the  recognised  Porphyry,  the  hard  outlines  of 
me  pebbles  in  the  Conglomerate  CTadually  melt  away  till 
they  become  indistinguishable  in  me  general  fusion  of  the 
xocJE.  So  closely  does  the  matrix  of  the  altered  rock 
resemble  the  adjoining  typical  Porphyry  in  colour,  texture, 
and  eren  porpnyrytic  character,  and  by  such  insensible 
gradations  do  they  melt  into  one  another,  that  the  sus- 
picion or  rather  the  oonyiction  constantly  recurs  to  the  mind 
that  the  solid  Porphyry  itself  is  nothing  but  the  result  of 
the  alteration  of  the  stratified  masses  carried  a  stage  further 
into  the  region  of  that  kind  of  absolute  fusion  that  in  so 
many  regions  resulted  in  the  formation  of  Granites,  Syenites, 
and  other  rocks  commonly  called  intrusive ;  and  this  view 
is  aided  by  the  fact  that  it  is  impossible  te  define  any  line 
of  demarcation  between  Conglomerate  and  Porphyry." 

Febpathic  Sandstones,  more  or  less  altered,  make  up  a 
great  part  of  the  Silurian  rocks  of  the  southern  uplands  of 
^Mxidand.* 

(3)  Argillaceous  Members, 

dojf  Slate, — ^This  rock  may  well  be  placed  in  the  Meta- 

morphic  group,  though  the  main  alteration  that  has  been 

ptooaced  in  it  is  not  so  much  the  development  of  crystalline 

texture  as  hardening  and  the  production  of  the  peculiar 

structure  already  described  unaer  the  name  of  Cleavage. 

The  different  varieties  of  Clay  Slate  correspond  in  mineral 

and  chemical  composition  with  the  various  forms  of  argil- 

hwseous  Shale,  and  differ  only  from  the  latter  in  their  more 

perfect  induration  and  the  possession  of  cleavage.     Both 

these  distinguishing  characteristics  are  due,  as  we  have 

■Iwady  seen,  to  pressure.     The  cleavage  planes  of  some 

Clay  Sates  are  necked  over  with  flakes  of  Mica,  Talc, 

Cluorite,  ChiastoHte,  and  other  minerals.  In  these  varieties 

^etamorphism  has  advanced  a  step  further,  and  has  given 

^  to  an  incipient  f oUation  which  allies  them  to  the 

S^Watose  rocks. 

hrcellaniU, — The  metamorphism  of  some  Clays  has 
P^  rise  to  a  rock  which,  from  its  resemblaiice  to 
^•rtlienware  or  china,  has  received  this  name.  When 
Btabed  red  it  is  known  as  Jaspery  Porcellanite,  or  Porce- 
""tt  Jasper. 

J.  Geikie,    Quart.   Joum.  Greolog^  of  East  Lothian,  The 

T^  Soc  of  London,  xxii.  613 ;  Gkology  of   East  Berwickshiret 

\'  ^^eikie  (Memoirs  of  thetOeolo-  and  ^planation  of  Sheets  3  and 

*^  Sumy  of  Scotland),  The  16. 

T 
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(c)  Caleartoai  Memheri. 
Ctyilallint  Limestone. — All  tolerably  pure  Lunestones  w 
to  have  a  tendency  to  assume  a  crystalline  texture.  This 
may  be  seen,  for  instance,  in  many  parts  of  tho  Carbon- 
iferous Limestone  of  the  ccntro  of  Soglaad,  which  there  ia 
no  reason  to  suppose  has  ever  been  subjected  to  anysjiecial 
meta«ion|hosing  influence.  Tho  dissolution  aod  precipita- 
tion of  Carbonate  of  Lime  by  percolating  water  has  no 
doubt  much  to  do  with  producing  this  resiUt,  but  very 
likely  the  slow  working  of  molecular  change  may  hare 
aid<^.  With  a  tendency  of  this  nature,  it  is  no  wonder  tliat 
Limestones,  when  metamorphic  agencies  are  brought  to  bear 
on  them,  are  readily  converted  into  a  fiomi-crj-stalliue  or 
cryatalline  state.  All  sorts  of  varietiee  occur,  some  largely 
and  coarsely  crystalline,  others  oontaining  oiTBtalfi  of  foreign 
minerals,  such  as  Mica,  Chlorite.  Garnet,  &e.,  and  some  of 
a  beautifully  even,  dosely-gruined  texture,  resembling 
loaf-sugar,  and  capable  of  taking  a  polish.  The  last,  which 
are  known  as  Saccharoidal  Limestones,  furnish  the  Statuary 
Marble  of  commerce.  Wo  have  already  noticed  one  case  Jn 
wiiiiii  Limpsti'nc  of  the  'irilimirj-  dcriviitiTC  fj-jio  i^  nbsprv.rd 
to  pass  on  a  large  scale  into  a  Crystalline  rock  ;  the  same 
change  is  often  noticed  where  Limestones  are  invaded  by 
igneous  rocks,  as,  for  instance,  in  the  ease  of  the  Chalk 
of  the  north-east  of  Ireland.*  Crystalline  Limestone  has 
also  been  produced  artificially.  WTien  Limestone  ia  burnt 
in  the  open  air  tho  Carbonic  Acid  is  driven  off  and  quick- 
lime remains  behind;  but  Sir  James  Hall,  by  confining 
Limestone  in  a  closed  vessel  bo  ae  to  prevent  the  escape  of 
the  Carbonic  Acid,  and  heating  it,  succeeded  in  converting 
it  into  Statuary  Marble. t  The  experiments  were  made 
with  Chalk,  common  Limestone,  Ifarble,  Spar,  and  fish 
shoOs.  In  all  cases  the  Carbonate  of  Limo,  which  had  been 
introduced  in  the  state  of  the  finest.powder,  was  agglutinated 
into  a  firm  mass,  possessing  a  degree  of  hardness,  compact- 
ness, and  specific  gravity  nearly  approaching  to  uiose 
qualities  in  a  sound  Limestone ;  and  some  of  the  results, 
by  their  saline  fracture,  by  their  semi-transparency,  and 
their  susceptibility  of  a  polish,  deserved  the  name  of  Marble. 
One  specimen,  formed  &om  pounded  Spar,  was  so  complete 
as   to   deceive  the  workman  employed  to  polish  it,  who 

•  Buckland   and    Conybeare,      gical  Observer,  p.  "00. 
Transactions  Gool.  Hoc.  of  Lou-  t  Edinburgh    Phil.    TnwMc- 

doD,  iit. ;   Da  la   Becbe,  Geolo-      tion«,  vol.  vi.  p.  71. 
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declared  that,  were  the  substance  a  little  whiter,  the  quarry 
bom  which  it  was  taken  would  be  of  great  value  if  it  lay 
within  reach  of  a  market.  This  last  and  some  others  soon 
cmmbled  and  fell  to  dust ;  but  many  others  resisted  the  air 
and  retained  their  polish  as  well  as  any  Marble. 

In  some  of  the  micaceous  metamorphic  Limestones  the 
Mica  occurs  in  sufficient  abimdance  to  give  them  a  schistose 
structure. 

Dolomite,  —  We  have  seen  that   some  Dolomites  and 
Magnesian  Limestones  have  probably  been  formed  by 
chemical  precipitation,  others  have  imdoubtedly  been  pro- 
duced by  the  alteration  of  Limestone.     Such  a  change  is 
called  dohmititation.    Various  views  have  been  held  as  to 
the  methods  by  which  the  metamorphism  has  been  brought 
about.     Arduino  in  1779,  Heim  in  1806,  and  Von  Buch  in 
1822,  suggested   that  where  augitic  igneous  rocks  have 
burst  through  or  been  irrupted  below  Limestones,  mag- 
nesian vapour  had  risen  from  the  fused  mass,  insinuated 
itself  through  the  body  of  the  rock,  and  given  rise  to 
dolomitization.*    This  view  was  stoutly  upheld  by  the  last 
great  geologist;    and  he  pointed  to  the  huge  dolomitic 
masses  of  the  Typo^>  below  which  great  bodies  of  Mela- 
phyre  exist,  as  a  case  in  point.     Subsequent  examination 
W  shown  that  the  explanation  will  not  hold  good  in  this 
caae;f  but  there  is  no  doubt  that  Limestones  are  some- 
times dolomitized  when  they  come  in  contact  with  mag- 
nesian igneous  rocks.     Bischof  quotes  a  case,  mentioned 
l>y  Goquand,  of  a  Limestone  in  contact  with  Basalt,  which 
^>ccame  more  and  more  magnesian  the  nearer  it  approached 
^«  latter  rock.|    But  he  does  not  believe  the  change  to  be 
due  to  the  action  of  vapour,  and  prefers  to  account  for  it 
l^y  the  percolation  of  water  holding  Carbonate  of  Magnesia 
^^  Bolution.     The  latter  salt  he  believes  was  obtained  by 
^®  decomposition  of    the  SiKcate  of  Magnesia  of    the 
J*«alt  by  carbonated  water,  which  found  its  way  down 
**^een  the  dyke  and  the  adjoining  rock.    An  experi- 
J^^iit  of  Durocher's  is,  on  the  other  hand,  somewhat  in 
«vouT  ot  the  vapour  theory.     He  heated  together  frag- 
"i^tg  of  Limestone  and  Magnesium  Chloride  in  a  close 
y^l,  and  succeeded  in  converting  part  of  the  former  into 
^lomite.g 

.-^^  Nanmazm,  Geognosie,  i.      France,  2nd  scr.,  y\,  506—516 ; 
'«*^765,  for  details  and  refer-      Naumann,  Geoj^ode,  i.  768. 
^°J^  1  Chemical  Geology,  iii.  179. 

I  Foumet,  Bull.  Soc.  Geol.  de  }  Comptcs    Rendiu,   xxiii.  64 

(1851). 
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Eren  nipposing,  h.on'ever,  that  magnesion  vapotus  imxe 
bean  in  eome  oaees  the  cause  of  ddomituatidn,  we  c«d 
hardly  Bupixise  that  their  effect  would  extend  to  any  great 
distance  mim  the  source  vhich  gave  them  oS,  and  can 
scarcely  ajiply  this  exiilanatioa  to  acTOunt  for  the  trans- 
formation of  great  masses  of  lomeshme  into  Dolomite. 
Another  explanation,  to  whidi  the  objection  just  men- 
tioned does  not  apply,  is  that  dolomitization  was  producMl 
by  the  percolation  of  water  holding  Carbonate  of  Ma^esia 
in  solution.* 

Professor  HarknesB  has  explained  in  this  way  the  oocnr- 
renoe  of  Magnwian  Limestones  among  the  Carboniferous 
Limestone  of  Co.  Cork.f  They  oocur  under  two  forms ; 
in  some  cases  they  are  iaterstratified  with  the  ordinary 
Limestone,  in  others  the^  form  yertdcal  ribs,  catting 
across  the  bedding  like  i^eous  dytee.  "Wherever  the  W& 
occur  the  rock  is  well  jomlod.  the  walla  of  each  rib  being: 
foriui^d  by  joints;  but  whore  lidi  prevail  the  rjck  has 
little  or  no  jointing.  In  the  first  case  the  dolomitising 
solution  found  ita  way  moat  readily  down  the  open  vertical 
fissures,  and,  spreading  into  the  adjoining  rock,  altered  a 
band  bounded  by  the  joints  that  gave  it  passage  ;  where 
there  were  no  joints,  the  easiest  path  was  parcel  to  the 
planes  of  bedding  through  the  most  permeable  strata. 
Professor  Harkness  also  points  out  that  m  some  cases  the 
alteration  is  ^ater  in  the  upper  than  in  the  lower  part  of 
the  rock,  as  if  the  producing  cause  had  been  something 
introduced  from  above.  He  supposed  Hie  dolomitizing 
agent  to  have  been  the  Sulphate  of  Magnesia  and  Chloride 
of  Magnesium  of  sea-water.  According  to  Favre,  these 
substances  can  alter  Limestone  into  Dolomite  only  under 
great  pressure,  and  at  a  temperature  of  200°  C,  condi- 
tions which  we  can  hardly  suppose  to  have  been  present. 
It  seems  more  likely,  therefore,  that  it  was  a  solution  of 
Carbonate  of  Magnesia  that  worked  the  change.  Hibs  of 
Magnesian  Limestone,  like  those  just  described,  are  also 
met  with  in  the  Carboniferous  Limestone  of  Yorkshire, 
where  they  are  known  aa  "  Dun  courses."  Other  cases  of 
Dolomite  occurring  in  riba  will  be  found  in  Naumann's 

*  Biachoff,  Chemical  Geology,  t  Quarterly  Journal  Geoloei- 

iii.    164—187,   179;     Dana  and  cal   Sodoty,   tv.  100;    see    atoo 

Jackson,    SilUman's    Jouro.   ilv.  Wyley,  Journal  Dublin  Geologi- 

(1843)  120,  141 ;  Kauch,  Poggen-  cal  Societv,  vi.  109. 
dorf  Ann.,  lixv.  (1848)  149. 
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Geognosie,  i.  766,  767,  with  many  references  to  the  litera- 
ture of  the  Bubject. 

Magnesian  limestones  are  very  frequently  full  of  cavities, 
and  ^e  de  Beaumont  has  suggested  that  these  are  the 
result  of  the  decrease  in  bulk  which  would  accompany 
the  transformation  of  Limestone  into  Dolomite,  if  it  were 
effected  by  the  process  we  are  now  considering.  The 
manner  of  the  change  was  thus.  Water  holding;  Carbo- 
nate of  Magnesia  in  solution  percolated  through  the  rock ; 
the  tendency  of  this  salt  to  unite  with  Carbonate  of  Lime 
caused  it  to  be  precipitated,  and  the  carbonated  water  took 
up  in  its  place  Carbonate  of  Lime.  Out  of  every  pair  of 
atoms  of  Carbonate  of  Lime  one  was  removed  in  solution, 
and  its  place  taken  by  an  atom  of  Carbonate  of  Magnesia. 
Now — 

Bulk  of  two  atoms  of  Carb.  of  Lime  := 

Atomic  weight  200 

Spec.  gray,  of  Limestone  2.7 

Balk  of  one  atom  of  Carb.  of  Lime  +  one  atom  of  Carb.  of  Magnesia = 

Atomic  weight  184 

Spec.  gray,  of  Dolomite  2.85 

Whence— 

184 

Bolk  of  reealting  Dolomite  2.85  .071  ro  

Bulk  of  original  Limestone         200  " 

27" 

So  that  the  shrinking  ought  to  be  between  12  and  13  per 
cent  Li  some  actual  cases  Elie  de  Beaumont  estimated 
^cavities  at  12.9  per  cent,  of  the  whole  rock. 

The  same  explanation  will  apply  to  the  formation  of 
▼hat  are  known  as  Potato-stones.  These  are  pebbles 
▼hich  are  known  by  the  fossils  they  contain  to  have  been 
^"Mie  Limestone,  but  which  have  been  converted  into  Ma^- 
nesian  Limestone.  They  are  hollow  inside,  and  the  walls 
^  the  cavity  are  coated  with  crystals  of  Bitter  Spar.  If 
the  alteration  was  effected  by  a  solution  of  Carbonate  of 
Uiagaesia,  the  consequent  shrinking  would  accoimt  for  the 
iotenial  hollow. 

A  group  of  rocks  belonging  to  the  Permian  formation, 
at  BaiTowmouth,  near  "Whitehaven,  seems  to  furnish  an 
ingtance  where  dolomitization  has  been  brought  about  by  a 
solution  percolating  from  above  downwards.     The  sec- 
tion is : — 

3.  Red  Marl  with  lenticular  masses  of  G}'i)sum. 
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2.  Uagneaian  Lunestone,  pebbly  in  lower  part. 
1.  Breccia,  willi  dolomiiic  cement  m  upper  put. 

The  Breccia  oontAins,  beeidea  other  rocks,  many  pebbles 
of  Carboniferous  Limestone  ;  and  in  the  upper  pari,  wbere 
the  cement  lias  a  dolomitdc  character,  these  are  frequently 
converted  into  Potato-stonea.  The  LimoBtone,  according 
to  Mr.  Binney,  is  one  mase  of  indistinct  fossil  ahells,  ana 
contains  numerous  email  hollows  filled  with  Spar ;  it  con- 
tains, according  to  his  analysis,  about  77  per  cent,  of 
Carbonate  of  Lime  and  11-6  per  cent,  of  Carbonate  of 
Magnesia.  The  abundaucG  of  fossils  in  the  rock  makes  it 
unUkely  that  it  is  one  of  those  Limostonea  which  were 
formed  by  precipitation  from  a  solution  of  calcareous  and 
magueaian  salts ;  it  la  most  likely  of  organic  origin,  and 
was  originally  an  ordinary  Limestone.  If  this  be  true  ot 
the  Limestone,  it  ia  highly  probable  that  the  Breccia  con- 
tained at  the  tiinp  of  its  fomiafitm  no  mafrnesian  matter. 
Wo  may  therefore  look  upon  these  two  rocks  as  having 
been  originally  ordinary  marine  deposits.  But  the  over- 
lying Eed  Marl  with  Gypsum  points  to  a  change  of  con- 
ditions. These  were  probably  formed  in  inland  waters, 
perhaps  by  some  such  reaction  as  Steny  Hunt  has  suggested, 
whereby  Gypsum  and  Carbonate  of  Magnesia  were  pre- 
cipitated ;  the  latter  was  carried  down  in  solution  through 
the  underlying  beds,  slightly  dolomitized  the  Limestone, 
giving  rise  to  the  druey  cavities,  and  penetrated  some  way 
into  the  Breccia,  converting  the  Limestone  pebbles  into 
Potato-stones.  The  fact  that  the  lower  part  of  the  breccia 
does  not  appear  to  be  altered  aeeroa  to  show  that  the 
water  had  been  robbed  of  aU.  its  magnesian  salt  before 
reaching  the  bottom  of  the  bed.* 

Mr.  Sorby  believes  many  of  the  Permian  Magneaian 
Limestones,  and  also  the  magnesian  portions  of  the  Car- 
boniferous and  Devonian  Limestones,  to  be  altered  Lime- 
stones. He  says  that  in  thin  sections  of  these  rocks  frag- 
ments of  the  organic  bodies  of  which  they  were  composed 
may  be  sometimes  detected,  but  that  frequently  tho  original 
mechanical  structure  has  been  entirely  obliterated  by  the 
change.  He  believes  the  alteration  may  have  been  brought 
about  by  the  infiltration  of  soluble  salts  of  sea-water,  when 
it  had  become  so  far  concentrated  that  Bock  Salt  was 
de^Kisited,  and  that  the  calcareous    salt  removed  during 

*  For  further  particulars  about 
these  beds,  see  Bioaey,  Lit.  and 
Fhil.  Soc.  Manchester,  3rd  aer., 
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tiie  chan^  gave  rise  to  accnmulations  of  Gypsum  by 
decomposition  with  the  sulphates  of  sea-water.  Some  very 
solid  Dolomites,  he  remarks,  do  eyen  now  contain  about 
one-fifth  per  cent,  of  salts  soluble  in  water,  Chlorides  of 
Sodium,  Magnesium,  Potassiimi,  and  Calcium,  and  Sul- 
phate of  lime,  which  are  doubtless  retained  in  minute 
*'  fluid  cavities."  These  must  have  been  produced  at  the 
same  time  as  the  Dolomite,  and  caught  up  from  the  solu- 
tion then  present,  which  is  thus  indicated  to  have  been  of 
WL  briny  character.* 

As  a  third  means  of  explaining  the  origin  of  Dolomite,  it 
lias  been  suggested  that  water  might  remove  from  a  Dolo- 
xnitic  Ldmestone  the  Carbonate  of  Lime,  leaving  the  inso- 
luble double  carbonate  behind.  Some  organisms  do  secrete 
and  introduce  into  their  hard  parts  Carbonate  of  Magnesia 
OS  well  as  Carbonate  of  Lime,  and  it  has  been  hinted  that 
if  an  organic  Limestone  was  formed  of  these  remains,  and 
tJie  two  carbonates  became  imited,  the  superfluous  Car- 
'bonate  of  lime  might  be  removed,  and  a  Dolomite  formed. 
The*highest  percentage  of  Carbonate  of  Magnesia  known 
to  exist  in  any  hard  organic  structure  is  7*644  per  cent., 
and  therefore  the  application  of  this  hypothesis  to  Lime- 
stone formed  by  ammals  at  all  approaching  recent  forms 
in  this  respect  is  quite  inadmissible,  on  account  of  the 
enormous  shrinking  it  would  involve. 

Besides  the  Dolomitic  rocks  already  mentioned,  there 
are  others  interstratified  with  highly  metamorphosed  rocks, 
such  as  Gneiss  aad  Mica-schist,  and  containing  crystals  of 
2^ca,  Talc,  and  Quartz,  which  we  can  hardly  look  upon  as 
anything  but  the  products  of  alteration.  By  what  means 
the  change  has  been  brought  about  is  as  yet  imcertain. 

In  dealing  with  those  Magnesian  Limestones  which  seem 
to  have  been  formed  by  precipitation,  we  were  obliged  to 
admit  that,  though  there  was  good  reason  to  believe  that 
t;hey  had  a  chemical  origin,  we  were  still  quite  in  the  dark 
^s  to  the  exact  nature  of  the  reactions  by  which  they  had 
lieen  produced.  Our  position  is  very  much  the  same  with 
I'egaid  to  the  Dolomitic  rocks  we  have  just  been  treating 
of ;  there  are  strong  groimds  for  the  opinion  that  they  are 
altered  Limestones,  but  how  exactly  the  alteration  was  pro- 
duced is  still  an  open  question. 

Oypsum, — We  must  now  say  a  word  about  these  Gyp- 
sums, which  have  probably  been  produced  by  the  alteration 
of  other  rocks. 

t  Heports  of  Britiah  ABSOciation,  1 856,  Transact,  of  Sections,  p.  77. 


280  GEOLOGY. 

Thero  can  be  no  doubt  that  Anhydrite,  where  it  has  been 
fixposed  to  tbo  action  of  the  air  or  o(  percolatiiig  water,  h 
concerted  into  Gypsum.  The  proeesB  has  b«en  observed 
actually  going  on,  and  cases  have  been  observed  of  amssw 
of  Sulphate  of  Lime  which  are  oomposed  of  a  coating  of 
Gypaum  wrapped  over  a  nucleus  of  Anhydrite. 

Again,  Limestone  may  be,  and  in  nmny  cases  pro- 
bably has  been,  converted  into  Gypeum.  There  aro  case: 
known,  in  the  Alps  and  elsewhere,  where  a  group  of  rocks 
contains  at  some  spots  great  thicknesses  of  Limestone. 
while  at  other  spots  the  corresponding  portions  of  the  same 
group  ore  composed  of  Oypsum ;  the  Limestone,  in  fact,  is 
replaced  by  Gypaum.  We  caJi  bardly  iupiiose  this  to  have 
been  the  origmal  state  of  things  ;  it  seems  scarcely  possible 
that  marine  organic  deposits  and  obemtcal  precipitates  could 
have  been  formed  thus  closely  side  by  side ;  the  more  reascm- 
able  explanation  is  that  the  Gypsum  is  altered  Limestone. 

The  (jlian^o  may  have  In-cn  lirtiupht  nV"jut  in  vnrii.'iis 
ways.  The  action  of  sulphurous  acid,  which  is  given  oS 
from  volcanic  sources,  would  change  any  Limestone  it  came 
in  contact  with  into  Gypsum.  It  is  doubtful  whether 
vapour  could  make  its  way  so  thoroughly  through  the 
whole  rock  as  to  transform  large  masses  ;  but  if  converted 
into  Sulphuric  Acid  it  might  be  carried  by  water  into  the 
very  heart  of  the  rock.  Sterty  Hunt  believes  that  this  is 
the  origin  of  certain  masses  of  Gypsum  in  the  Onodaga 
Salt  Group  of  Canada ;  springs  are  met  with,  in  the  district 
where  the  Gypsum  occurs,  containg  free  Sulphuric  Acid, 
and  he  thinks  that,  if  this  water  came  in  contact  with  the 
Limestone  of  the  group,  it  would  form  a  calcareous  enl- 
phate,  nearly  aU  of  wmch,  on  account  of  its  slight  solu- 
bility, would  be  deposited  in  a  crystalline  form.*  He 
mentions  that  in  one  ease  Mr.  Murray  observeil  a  elender 
cylinder  of  Gypsum  nmaing  up  through  several  beds  of 
Limestone,  and  extending  in  overlying  Tertiaiy  Clay. 

The  conversion  of  Anhydrite  or  Limestone  into  Gypsom 


*  Od  the  Acid  Springs  &ad 
Qypaum  Deposits  of  the  Onodsgn 
Salt  Group,  Sillimait'a  Jonrn.,  2nd 
«er.,  Tiii.  176(1849).  IntheKe- 
port  on  the  Oeology  of  Conadn  to 
1B63  (p.  352),  it  is  stated  that  the 
fiypaumB  of  the  Onodaga  gronp 
if  Canada  "  seem  to  he  cont«mpo- 


tifioil,  anil  to  hav 
with  the  ipringn  of  the  preeent 
time."  StetTf  Hunt,  however, 
maintAiDB  there  are  two  Qypaumf . 
one  contempoianeoua  with  th« 
rocks  amoDg  which  it  occurs,  the 
other  DOW  being  farmed  io  the 
manner  explained  in  the  text. 
SiUlmnn's  Joam.,2nd  eer.,  xxviu 
363  (1859). 
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• 

^  attended  by  a  considerable  increase  in  bulk,  and  this  dr- 

^^^iUkstance  haft  been  applied  to  account  for  a  puzzling 

^^<)cniTence  often  met  with  in  the  neighbourhood  of  large 

^QaaBes  of  G^ypsum.    Around  such  masses  the  overlying 

•9oAb  are  tiltea  up  frequently  at  high  angles  and  bent  into 

^  arch,  while  the  rocks  below  lie  perfectly  flat.    It  has 

leen  suggested,  that,  as  the  original  rock  swelled  during  its 

'OonYersion  into  G^ypsum,  it  bulged  up  into  a  boss  and  bent 

upwards  the  rocks  that  lay  above.*    The  Canadian  Gyp- 

simiB  just  mentioned  are  stated  by  Steny  Hunt  to  occur  m 

dome-shaped  masses  from  one  to  four  hundred  feet  across. 

the  overljdng  strata  are  tilted  and  wrap  over  the  surface  of 

the  domes,  while  the  beds  underneath  are  undisturbed ;  he 

also  says  that  the  ground  rises  in  hillocks  above  the  masses 

of  Qjpmmf  and  uiat  houses  are  known  in  some  cases  to 

Ihave  oeen  gradually  raised  by  the  elevation  of  the  surface, 

.^nd  masses  of  Gly}>8um  have  aiterwards  been  found  beneath 

thiem.t 

As  another  possible  source  of  Grypsum,  it  has  been  pointed 
out  that  in  volcanic  districts  Sulphuretted  Hydrogen  is 
given  off,  and  by  decomposing  Silicates  of  Lime  produces 
Gypsum  and  Sulphur. 

The  theory  of  the  metamorphic  origin  of  Gypsum  is, 
however,  as  yet  in  a  very  rudimentaiy  state.  For  further 
lunta  the  reader  may  refer  to  Bischof  s  ^ '  Chemical  Geology, ' ' 
chap.  xix. ;  Naumann's  "Geognosie,"  i.  760 ;  Zirkel's  **  Pe- 
twJogie,"  i.  268 — 273;  Murchison,  Quart.  Joum.  Geol. 
Soc,  V.  172 ;  Coquand,  Bull,  de  la  Soc.  Geol.  de  la  France, 
2nd  Beries,  iv.  124  (1849). 

(rf)  Carbonaceous  Members. 

OrapkUe  is  the  only  rock  coming  under  the  head  suffi- 
ciently common  to  be  noticed  here. 

^  It  consists  of  Carbon  with  about  five  per  cent,  of  impuri- 
tiee,  such  as  Silica,  Alumina,  and  Oxide  of  Iron. 

We  have  already  had  occasion  to  notice  Graphite  as  a 
constituent  or  accessory  mineral  in  several  rocks.  It  also 
ooeors  in  beds  and  lenticular  masses  among  Schists,  Crys- 
talline Limestone,  Gneiss,  and  other  metamorphic  strata. 
In  general  arrangement  and  microscopic  structure  these 

*  Elie  de  Beaumont,  Explica-  part  of  the  statement  comes  from 

Hon  da  la  Carte  Geologique  de  la  some  ingenious  and  kindly  Yan- 

Fnaee,  ii.  69,  90.  kee,  good  at  a  story,  and  anxious 

t  Log.  at.     It  is  difficult  to  to  give  Dr.  Hunt  a  lift 
resist  the  notion  that  the  latter 
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layers  of  Qrapbito  coiTMpond  frequently  with  Coal  and 
Bome  bituminous  depoaita,  and  there  is  every  Tbanoa  to 
believe  that  in  many  cases  Grapliite  ib  a  highly  metamor- 
phosed Anthracite. 

Juat  ae  thick  maasea  of  pure  Limestone  may  be  looked 
up  as  proofs  of  the  existence  of  animal  life  at  the  time  of 
their  formation,  though  no  fossils  may  now  be  recognisable 
among  them,  the  probability  that  Graphite  was  originally 
of  vegetable  origin  is  so  great  that  its  oecurrence  mahee  it 
fstromely  likely  that  vegetable  life  eideted  during  the 
period  represented  by  the  rocks  in  which  it  is  met  with.* 

2nd  Class. — Foliated  oe  Schistose  Eocks. 
n'atnxs  of  FoUatioa..^ — Foliation,  the  struchire  which  is 
the  distinctive  characteristic  of  the  rocks  we  have  next  to 
consider,  is  defined  by  Professor  Sedgwick  f  to  bo,  ' '  a  sepa- 
ration of  rock  masses  into  ciystalline  Iiivers  of  ditf.-rt-nt 
mincnd  comtiowlion  ;"  ami  hy  Mr.  D-  Forbes  J  is  di-'sirihed 
OS  a  parallel  structure,  which  "makes  its  appearance  in 
rock  masses  owing  to  the  arrangement  of  certain  crystallised 
Tninerals  in  more  or  less  pamllel  lines,  along  which  the 
crystals  lie  on  their  flat  sides  or  longthwaya,  i.e.  having 
their  longer  axes  in  the  direction  of,  and  not  against,  the 
grain  of  the  rock."  The  first  thing  we  notice  about  a  foliated 
rock  is  a  flaky  structure  or  a  tendency  to  spht  along  planee 
rudely  parallel  to  each  other  into  leaves  (folia)  or  lamiufe ; 
and  further  that  this  tendency  is  caused  by  the  presence 
of  roughly  parallel  layers  running  through  the  body  of  the 
rock  composed  in  largo  measure  of  plates  of  a  single  mineral, 
such  as  Mica.  But  these  characters  alono  do  not  constitHte 
foliation ;  exactly  similar  ones  are  found  in  some  derivative 
rocks,  such  as  micaceous  Sandstone.  The  distinctive  feature 
of  foliated  rocks  consists  in  their  mineral  flakes  being  ay*- 
ialUaed,  whereas  in  those  derivative  rocks  which  have  a 
deceptive  appearance  of  foliation  the  mineral  plates  are 
worn  by  attrition. 

It  ia  the  crystalline  character  of  the  constituent  minerals, 
taken  along  with  other  peculiarities  to  be  shortly  noticed, 
which  leads  ue  to  look  on  fohation  as  a  superinduced 
structure. 

■  Dnwson,  Quart.  Joum.  Geol.  X  Popnlu'     Science      Beviaw 

Soc,  xxvi.  112.  (IBTO).   p.  229.    The  Urt  claoae 

t  Paper  ttlieady  quoted  on  seems  hardly  wanted,  becaose  H 
"  Structure  of  Lat|;e  Rock  is  the  Birangemeiit  of  the  crya- 
llaaies."  lals  that  gives  the  rock  its  grain. 
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Oegrees  of  Foliation. — ^Foliation  varies  very  much  in 
igree.  Cleaved  Clay  Slate  often  shows  an  incipient  folia- 
>n,  the  planes  of  cleavage  being  **  coated  over  with  Chlo- 
»  and  semi-ciystalline  matter,  which  not  only  merely 
ifine  the  planes  in  question,  but  strike  in  parallel  flakes 
rough  the  whole  mass  of  the  rock."* 
Darwin  mentions  a  case  of  what  looks  like  arrested  de- 
lopement  of  foliation  in  Terra  del  Fuego.  **In  several 
ices  I  was  particularly  struck  with  the  fact,  that  the  fine 
ninse  of  the  day  Slate,  where  cutting  straight  through 
e  bands  of  stratification,  and  therefore  indisputably  true 
ravage  planes,  differed  slightly  in  their  greyish  and 
eenish  tints  of  colour,  in  compactness,  and  in  some  laminse 
iving  a  more  iaspery  appearance  than  others."  f  Had 
e  process,  of  which  we  see  in  this  instance  the  commence- 
ent,  been  carried  on,  the  result  would  doubtless  have 
)en  a  foliated  rock,  with  its  flakes  parallel  to  what  are 
yw  planes  of  cleavage. 

From  cases,  such  as  those  just  mentioned,  of  rudimentaiy 
:&ce8  of  this  structure  up  to  the  most  complete  ciystallisa- 
km  and  parallel  arrangement  of  the  component  minerals, 
il  sorts  of  intermediate  gradations  exist,  and  may  some- 
Jmes  be  observed  melting  imperceptibly  into  one  another 
n  the  same  rock  mass,  as  in  the  following  case  observed 
by  Mr.  Darwin  at  the  Cape  of  Good  Hope.  A  mass  of 
Sianite  has  there  burst  through  Clay  Slate.  "  At  the  dis- 
^>nce  of  a  quarter  of  a  mile  from  the  spot  where  the  Granite 
■ppeaiB  on  the  beach  (though  probably  the  Granite  is  much 
■waier  xmder  groimd)  the  Clay  Slate  becomes  slightly  more 
<^pact  and  crystalline.  At  a  less  distance,  some  of  the 
Ws  of  Clay  Slate  are  of  a  homogeneous  texture,  and 
^ikworely  striped  with  different  zones  of  colour,  whilst 
^^^liew  are  obscurely  sjjotted.  Within  a  hundred  yards  of 
^  first  vein  of  Granite  the  Clay  Slate  consists  of  several 
^eties — some  compact  with  a  tinge  of  purple,  others 
Wening  with  nimierous  minute  scales  of  Mica  and  im- 
P^ecdy  crystallised  Felspar,  some  obscurely  granular, 
^'^ifiiB  porphyritic  with  sm^  elongated  sjjots  of  a  soft  white 
pAiepal.  Close  to  the  Granite  the  Clay  Slate  is  changed 
^  a  dark-coloured  laminated  rock,  having  a  granular 
^'•cture,  which  is  due  to  imperfect  ciystals  of  Felspar 
?*W  by  minute  brilliant  scales  of  Mica."  At  the  actual 
J^Qutbn  of  the  Granite  and  Clay  Slate  the  latter  was  at 

*  Sedgwick,  Transactions  Geol.         t  Geological   Observations  on 
°^  of  London,  iiL  471.  South  America,  p.  155. 
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)eds,  somewhat  in  the  direction  of  the  lines  in  the 
Is,  but,  eliminating  the  contortions,  at  slightly 
jigles  "  (pp.  181,  182).  In  considering  this  sec- 
iist  first  suppose  the  foliated  laminae  straightened 
jse,  as  we  shall  shortly  see,  their  crumpling  was 
)roduced  subsequently  to  the  foliation.  We  must 
in  mind  that  the  thicker  lines  in  the  figure  are 
oably  the  edges  of  bedding  planes.  In  the  case 
tie  foliation  is  parallel  to  tnese  bedding  planes, 
fore,  in  all  likelihopd  took  place  over  the  faces 
)  of  reg^ular  and  even  deposition.  In  the  other 
foliation  crosses  the  mainlines  of  bedding,  but  it 
ral  parallelism  to  the  subordinate  layers  into  which 
To.  1  are  divided,  and  these  latter  have  a  singular 
ce  to  planes  of  current  lamination.  A  suspicion, 
crosses  the  mind  that  here  foliation  has  taken 
suggested  by  Mr.  Sorby,  on  planes  of  current 

eetion  whether  foliation  has  ever  taken  place 
din^  planes,  though  much  may  be  said  in  favour 
native  answer,  may  perhaps  be  an  open  one ;  but 
rations  of  Mr.  Darwin  and  others  nave  demon- 
)yond  doubt  that  in  many  cases  the  planes  of 
x>incide  with  those  of  cleavage.  Besides  those 
^f  incipient  foliation  already  given,  in  which  this 
9,  Mr.  Darwin  found  in  Soutn  America  immense 
intensely  metamorphosed  Schists,  the  folia  of 
i  every  one  of  the  distinguishing  characters  of 
aminee  :  their  strike  was  uniform  over  large  areas 
el  to  the  leading  physical  features  of  the  country, 
i  cases  which  he  saw,  where  masses  of  cleaved 
;ed  rocks  alternate  together,  the  cleavage  and 
rere  parallel.  He  sums  up  the  evidence  thus : 
then,  that  foliated  Schists  indisputably  are  some- 
uced  by  the  metamorphosis  of  homogeneous  fiissile 
dng  that  foliation  and  cleavage  are  so  closely 
in  the  several  above  enumerated  respects ;  seeing 
fissile  and  almost  homogeneous  rocks  show  ind- 
^ralogical  changes  along  the  planes  of  cleavage, 
)ther  rocks  with  a  fissile  structure  alternate  with 
into  varieties  with  a  foliated  structure ;  I  cannot 
in  most  *  cases  foliation  and  cleavage  are  parts 

.  with  deference  eug-      cases  where  such  an  accamxUation 
r  **  in  most  cases  "it      of  evidence  is  met  with." 
fer  to  say,  "^  in  those 
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of  the  same  process  :  in  dearago  there  being  only  an  inci- 
pient Beparation  of  the  constituent  minerals,  is  foliattoa  A 
much  mote  complete  eepaiation  and  crysiallisation."  *     It  . 
ie  perhajis  ecarcely  the   case  that    cleavage    necessariljr 
involres  a  separation  of  the  constituent  minerals,  but  it  ia    ' 
certainly  true  that  if  foliation  begin  in  a  cleared  rock,  the 
separation  follows  the  planes  of  cleaTago,     The  coincidence 
of  the  planes  of  cleavage  and  foliation  ie,  therefore,  pro-    ' 
bably  acddental.  but  it  is  an  accident  that  will  be  of  very    ' 
frequent  occurrence.     In  fact  ttiis  coincidence  is  bo  common    ' 
that  it  is  unnecessary  to  multiply  examples  here. 

Artificial  Frodnetion  of  CleaTags-FoliatioB. — Coin- 
cident cleavage  and  foliation  have  been  produced  artificially 
by  &Ir.  Sorby  and  Ur.  David  Forbes.     The  first  mixed  a    I 
qiuntity  of  scales  of  Oxide  of  Inm  wi^  Pipe  Clay  so  that 
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were  ooaTerted  into  zocks  possessii^  a  beautiful  parallel 
Btructore,  doselj  resembling  Ghieiss.* 

Chmm^ed  Xmjninm^ — In  nighlyfoliated  rocks  the  lamime 
tie  not  plane,  but  w  inkled  and  contorted,  sometimes 
gnarled  and  crumpled  to  an  intense  degree.  An  instance  is 
uiown  in  Fig.  50,  copied  from  one  of  me  **  Beports  on  the 
Oeoloffy  of  Canada." 

ProleBsorBamsay  has  given  the  following  explanation  of 
this.  Let  ab,  ed,  ef,  gh^  ik,  in  Fig.  51,  be  the  edges  of  planes 

of  bedding,  and  the  finer 
h  4     f  f  \  Mit  linos  crossing  these  the 

edges  of  planes  of  cleav- 
age, ana  suppose  folia- 
tion to  have  oeen  pro- 
duced over  the  latter. 
Then  suppose  that  sub- 
sequently the  rock  mass 
suffered  compression  in 
the  direction  of  the  ar- 
rows, so  that  the  beds 
cdef^  ghik  become 
squeezed  into  the  thin- 
ner beds  cd^fj  ghiH \ 
the  planes  of  cleavage- 
foliation  crossing  these 
beds,  having  now  to 
pack  themselves  into 
A  oiRower  space,  must  become  crumpled  up  into  some 
>Qch  wavy  lines  as  are  shown  in  the  figure. 

Foliation  is  not  confined  to  the  metamorphic  repre- 
^tatives  of  ihe  derivative  rocks ;  igneous  rocks,  both  sub- 
^^rial  and  deep-seated,  and  volcanic  ashes  and  tufPs,  where 
tlieyhave  been  subject<)d  to  the  necessary  conditions,  exhibit 
^  strocture.  Thus  a  ribboned  or  banded  Trachyte  would 
be  eminently  suited  for  its  production,  or  an  ash  in  which 
QMhration  and  cleavage  has  been  brought  about  by  pres- 
ume. 

XBtmslTe  Schistose  Bocks. — The  evidence  already 

pven  would  seem  to  show  that  in  many  cases  ciystalline 

•dusts  have  undoubtedly  been  formed  by  the  metamorphism 

(rf  derivatiye  rocks.  Where  a  gradual  passage  from  one  into 

the  other  can  be  distinctly  traced,  we  can  scarcely  come  to 

iny  other  conclusion ;    and  even  in  those  cases  where  no 

fnch  transition  can  be  observed,  we  should  be  apt  to  infer 

*  See  alio  Dsabrte,  Etudes  8ur  le  Metamoiphisme,  part  iii.  chap.  10. 


fwan  analogy  that  what  was  true  of  some  schistose  rocks 
was  true  of  all,  and  that  in  svovy  oaae  they  might  safely 


more  thiin  doubtful.     It  is  far  from  unlikely  that 
schietObC  roi'ks  are  truly  mtruaiTe,  aad  have  bui«t  throofj^ 
the  Btiata  among  which  they  occur  in  n  fused  or  plastie 

■  Mr.  Scropo  has  some  very  suggestive  remarlra  ("Vol- 
canoes," [ip.  HO  and  300)  on  the  analogy  between  folia- 
tion and  the  banded  or  ribboned  struoturo  of  certain 
Traehj-rps.  In  the  case  of  those  rocks  the  unequal  motion 
of  diffi.Tcnt  parts  of  a  lava  stream,  aa  they  dragged  on* 
over  the  other,  has  given  rise  to  a  laminated  structure  in 
the  sooled  rock,  and  a  platy  arrangement  of  flattened 
crystalH  through  the  mass,  and  he  thinks  that  juAt  the 
same  result  may  have  been  brought  about  in  a  body  of 
fused  Granite  faced  up  under  piessuro,  and  so  a  foliated 
Gneiju  may  have  been  produced. 

The  subject  has  also  been  token  up  by  21.  Daubr^e^ 
and  he  has  satisfactorily  proved  by  experiment,  that  whrai 
a  plastic  mass  of  suitable  composition  is  forcibly  drivcai 
through  an  orifice,  the  pressure  exerted  by  the  walla  of 
the  aperture  wiU  give  rise  to  foliation.  In  his  exrieii- 
ments.  clay,  with  wliich  sand  or  plat«s  of  Mica  had  oeen 
mixed,  wns  phicod  in  a  strong  vessel,  and  then  squeeeed 
out  by  powerful  pressure  thi'ough  opi'iiings  of  variottB  : 
shapes  in  tim  lid.  The  jtrisma  that  cmurgt-d  were  disiijietly 
cleaved,  the  planes  of  cleavage  being  perpendicul&r  to  the 
w'alls  of  the  orifice,  and  at  the  same  time  a  true  follaticm 
was  set  up  by  the  sand  or  Mica  ranging  itself  in  layen 
over  the  cleavage  planes. 

There  is  therefore  nothing  inconsistent  in  the  notion 
that  Bome  foliated  rocks  have  been  intrusive;  but  M. 
Gaubree  has  gone  further  than  this,  and  has  shown  that 
on  such  a  supposition  we  can  explain  the  origin  of  that 
peculiar  arrangement  in  the  planes  of  foliation  which  has 
been  so  often  observed  to  obtain  in  the  great  schistose 
masses  that  form  the  cores  of  mountain-chains,  and  which 
the  mctomorphic  theory  accounts  for  only  imperfectly.  The 
arrangement  in  question,  known  as  Faulike  Structure  or 
Structure  en  Etentail,  is  as  follows ; — 

In  the  centre  the  planes  of  foHation  are  vertical,  bat  as 
we  recede  on  either  side  from  the  axis  of  the  chain  thCT 
become  more  and  more  inclined,  dipping  on  each  flank 
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^^iMnb  Uncmrd9  the  axis,  so  that  in  a  transyerae  section  their 
^dffes  are  disposed  like  the  plaits  of  an  opened  fan. 

Id  order  to  imitate  artincially  the  conditions  which  he 

voppoeed  to  havq  given  rise  to  this  structure,  M.  Daubr6e 

poiciBd  a  square  prism  of  day  between  two  iron  plates  of 

the  same  size  as  me  faces  of  ihe  prism,  and  subjected  it  to 

peesore.     Sheets  of  day  were  squeezed  out  from  the  four 

nee  faces  of  the  prism,  and  these,  as  they  extended  them- 

selYes  beyond  the  range  of  the  pressure,  gradually  expanded 

in  thickness  till  they  assumed  the  forms  of  truncated 

wedges  with  their  thidLor  ends  outwards.    The  whole  mass 

was  found  on  examination  to  be  foliated,  and  the  planes  of 

foliation  presented  a  true  fan-shaped  arrangement ;  in  the 

portion  between  the  plates  they  were  paraUel  to  the  faces 

of  the  plates,  in  the  truncated  wedges  outside  the  plates 

the  planes  of  foliation  opened  out  tiU  they  became  paraUel 

to  tne  iaceB  ot  the  wedge.     Exactly  the  same  results  would 

Mlow  if  the  materials  of  a  mass  of  Ghieiss  were  extruded 

from  below  through  a  fissure  in  the  ecirth's  crust;   low 

down  in  the  rent,  where  the  pressure  of  the  walls  was 

approximately  horizontal,  the  foliation  planes  would  take  a 

▼ertical  position ;  where  the  fissure  in  its  upper  part  bec^ 

to  gape,  these  planes  woidd  bend  so  as  to  keep  paraUel  to 

tlie  diverging  faces  of  the  fissure,  and  would  open  out  into 

tile  fan-shaped  form  which  they  actually  assume.* 

Bumnary. — In  the  present  state  of  our  knowledge  it 
vin  perhaps  not  be  safe  to  say  more  than  this  on  the 
ohicare  suoject  of  foliation  : — That  rocks  have  been  sub- 
jected to  some  form  of  metamorphic  action,  which  has  set 
bee  their  constituent  minerals  to  move  among  themselves ; 
wliieh  has  dissolved  or  melted  these  minerals,  or  in  some 
^7  given  them  the  power  of  assuming  tabular  ciystalline 
fonns ;  which  perhaps  has  decomposed  them  and  allowed 
^  the  formation  of  new  comjx^xmds  out  of  their  elements. 
That  the  minerals  resulting  from  this  action  have  separated 
theoiselves  out  from  the  body  of  the  rock,  and  arranged 
ttemsdves  more  or  less  in  distinct  parallel  layers.  Taat 
dte  process  of  alteration  has  not  been  carried  far  enough 
to  efface  those  great  planes  of  division,  be  they  bedding  or 
deavage  or  any  others,  by  which  the  rock  was  traversed 
when  foliation  began.  That  the  segregation  or  separation 
took  place  along  those  plcnes  which  offered  the  least  resistance 
U  ike  motion  of  the  constituent  particles,  or  to  the  passage  of 

*  Duihr^e.  Ezpdnencefl  snrla      rendus,  t  IxxziL,  27  man  et  10 
^JM^fi^fA  des  Boches.  Gomptea-      arril,  1876. 
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those  Bgeata  wMch  asBisted  in  or  produced  the  foliation  ; 
so  that  if  foliation  took  plnee  in  a  bedded  rock,  before 
deavago  had  been  produced,  the  laminee  would  have  a 
tendencj'  to  be  pamllul  to  the  bedding ;  but  if  cleavage  had 
sealed  up  the  bedding  and  opened  out  another  set  of  divi- 
sional plnnee,  it  would  bo  parallel  to  lliose  that  the  folia^ 
would  range;  in  the  same  way,  if  the  rock  contained 
nodules  or  concretions,  the  foliation  would  be  tamed  out 
of  its  way  by  these  and  bend  round  them.* 

Lastly,  we  must  not  lose  eight  of  the  probability  that 
some  schiatoee  rocks  have  been  driven  upwards  in  a  fused 
or  paaty  state  through  rents,  and  that,  as  the  mass  rose, 
cleavage  and  foliation  were  simultaneously  prodnced  by 
the  pressure  ejcerted  by  the  wcdls  of  the  hasurcs. 

It  is  hardly  possible,  hovwor,  that  this  can  have  been  the  | 
oatuo  which  produced  the  foliation  of  those  great  bodies  of  I 
schiatnse  mi^fea  which  cover  hundrt^n  of  siiuarc  mUes  nf 
country.  Pressure  could  never  be  transmitted  unimpaired 
through  thicknesses  of  pasty  rock  so  vast  as  these,  and  in 
their  case  we  can  in  the  present  state  of  our  knowledge 
only  look  upon  fohatinn  as  a  structure  which  has  been  set 
up  by  widespread  regional  metamorphism.  But  in  the 
case  of  the  schistose  nuclei  of  mountain -chains  which 
exhibit  the  fnn-Uko  structure,  the  explanation  comes  in 
handily  enough. 

We  must,  however,  guard  the  readec'  from  supposing 
that  even  in  these  cases  it  was  the  intrusion  of  molten  or 
pasty  matter  that  caused  the  upheaval  of  the  mountain- 
chain,  Wo  shall  see  in  section  5  of  chap.  s.  that  this  was 
caused  by  thick  masses  of  strata  being  squeezed  by  power- 
ful horizontal  pressure  tOl  long  belts  of  rock  were  forced 
to  bulge  uj)  above  the  gencriJ  surrounding  level ;  we 
shall  aJso  tind  that  where  the  pressure  has  been  most 
energetic  the  metamor].)hism  ia  most  intense ;  and  we 
shall  come  to  look  upon  this  compression  as  the  cause 
which  at  once  raised  the  mountain-cliain,  reduced  the 
rocks  in  the  centre  to  a  paaty  state,  and  squeezed  them  up 
through  fissures,  giving  them  as  they  rose  foliation  and 
fan- shaped  structure. 

Description  of  Foliatod  Bocka. — After  thia  short 
sketch  of  foliation,  we  will  pass  on  to  an  account  of  the 
principal  varieties  of  foliated  rocks. 

•  Sep  Prof.  liamsiy,  Geology  vi.  185 :  Koyal  Gpnl.  Soc.  of  Ire- 
ofNorth  \Vulps,/ec.crf.;KiQah>ui,  iHod,  Jan.  10th,  1860,  Fob.  Stii, 
Dublin,  Uuart.  Joum.  of  Science,       1871. 
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An  almost  endless  yarietj  of  rocks  may  be  classed 
together  as  Schists  from  their  possessing  the  foUowing 
common  character :  they  consist  essentially  of  Quartz,  in 
which  a  foliated  structure  is  produced  by  the  presence  of 
parallel  layers  of  some  other  mineral.  Of  the  type  of  these 
we  may  take  Mica  Schist,  in  which  the  foliation  is  pro- 
duced by  Mica.  Another  body  of  foliated  rocks  group 
themselves  round  Gneiss,  which  is  a  schistose  mixture  of 
Quartz,  Mica,  and  Felspar,  as  a  typical  centre. 

The  different  members  of  the  two  groups  are  connected 
with  one  another  by  numerous  intermediate  links,  and  by 
the  gradual  introduction  of  Felspar  into  its  composition 
the  typical  form  of  the  first  group  passes  insensibly  into 
that  of  the  second.  Transitions  are  also  observed  from  the 
first  group  into  less  highly  metamorphosed  rocks,  such  as 
Qaartzite  and  Clay  Slate ;  and  from  the  second  into  rocks 
which  we  shall  shortly  see  have  undergone  a  higher  degree 
of  metamorphism,  such  as  Gbanite. 

Mica  Schist, — Quartz  and  Mica  arranged  more  or  less  in 
ahemate  layers ;  the  proportion  of  the  two  minerals  varies 
ahnost  indefinitely  in  different  instances.  The  Alica  is 
vmially  Potash  Mica,  sometimes  Magnesian  Mica,  some- 
times a  mixture  of  both ;  it  forms  parallel  scales  or  plates ; 
the  Quartz  occurs  in  the  form  of  grains,  or,  when  it  is 
abundant,  in  large  lenticular  masses. 

ArgiOaceaus  Mica  Schist  {PhyUite,  Thonglimmcr  Schiefer)  is 
a  rock  intermediate  between  normal  Mica  Schist  and  Clay 
2^e,  into  both  of  which  it  passes  by  insensible  gradations, 
according  as  the  micaceous  element  becomes  pronounced  or 
gradually  disappears.  It  might  be  termed  either  an  im- 
perfect Mica  Schist  or  a  foliated  Clay  Slate. 

Chiastoiite  Schist, — ^Argillaceous  Mica  Schist  with  crj-staLs 
^  Chiastoiite  disseminated  through  it.  It  is  generally 
foond  where  Clay  Slate  abuts  on  igneous  rocks,  and  has 
^>een  produced  by  the  metamorjihising  action  of  the  latter  on 
tke  former.  There  is  a  most  instructive  paper  by  Professor 
^^ichs  describing  the  gradual  growth  by  metamorphism 
^  this  rock  in  the  Pyrenees,  in  Leonhard's  **  Jahrbuch," 
^^72,  p.  878,  an  abstract  of  which  is  given  in  p.  311. 

The  presence  of  an  allied  mineral,  Staurolite,  gives  rise 
^  Staurolite  Schist ;  the  reader  will  do  well  to  consult  and 
''^pare  with  the  paper  just  quoted  one  on  the  formation 
^^  this  rock  in  the  Geological  Magazine,  vol.  x.  p.  102. 

y«fc  Schist  and  Chlorite  Schist. — If  the  Mica  in  Mica 
S<ihist  were  mixed  with  or  replaced  by  Talc  or  Clilorite  we 
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should  hftve  these  rocks.  Under  their  typical  £unn  they 
OTfi  usuaJlj  poor  is  Silica ;  somotimes  they  coDtaiu 
Felspar,  uod  thereby  pass  into  Protogine  or  Talcose  Gneiss. 

6ome  Tolcose  Scniets  have  boen  observed  to  po^^ 
laterally  into  volcaaic  ash,  and  are  therofore  probably  the 
result  of  the  metamorpliisni  of  such  rockA.* 

Calcareou*  Mica  SchUt. — Alternate  layers  of  Mica  Schist 
and  Carbonate  of  Lime.  It  differs  from  the  micaceous 
crystalliue  Limestouea  already  mentioned  in  the  pre»oni« 
of  Quartz. 

dmrti  Schist. — WTien  the  quarteose  elmnent  in  : 
Schist  becomes  very  hu^,  we  obtain   this   rock,  wlii 
consista  of  oompaet,    imperfectly   foliated  white   Qnaiti^'l 
foliated  by  thin  parallel  layers  of  Mica  scales.     If  the  J''  ^ 
disappear,  it  passes  into  Quaitnte. 

Fthpathic  Miea  Sehi^t.-^^rao  Mica  Sohists  contain  Fel«^ 
spar,  and  form  a  transition  between  the  normal  type  of  H    ' 
rock  and  Gneiss. 

The  presence  of  accidental  minerals  gives  rise  to  numeromi  I 
varietieB  of  the  Bchists  just  mentioned,  which  we  c 
deecribe  here. 

That  Mica  Schist  is  in  certain  cases  a  metamorphlc  roflkj 
ifi  clearly  proved  by  its  intercalation  with  rocks  so  litll>4 
altered  that  their  derivative  charaoter  can  still  be  recoil 
nised,     Thu)'  in  the  Alps  beds  of  sandy  calcareous  oompO*  1 
sitinn  ivmtitinni;:  fussiLj  art'  iutei'sl ratified  with  Mica  St^Uift.    ' 
Soiiii'   iMii-a    Si-liUts   oan   scarcely  be   distuiffuished  fnnn 
fissili'  iniiii.cnit.  Siiiulstnnes,  and  a  verj-  nioderate  degree 
of  metamorphism  would  be  required  to  convert  the  one 
into  the  other,  the  foliation  coinciding  with  the  original 
lamination.     In   other  cases  Mica   Schist  has  been   pro- 
duced by  the  metamorphiam  of  Sandstones  not  necessarily 
laminated,  or  sandy  Shales,  the  fohation  being  a  super- 
induced structure,  and  the  variety  depending  on  the  |>ro- 
portions  of  siliceous  and  argillaceous  elements  in  the  original 

In  some  varieties  of  Schists  the  fohation  is  produced  by 
metallic  ores,  such  as  micaceous  Sesquioxide  of  Iron,  Zinc- 
blende,  Iron  or  Copper  Pyrites,  Cobalt  Ore,  &c. 

Onei»». — A  schistose  aggregate  of  Felspar,  Quartz,  and 
Mica.  The  Felspar  is  in  crystalline  grains,  the  Quartz  in 
grains  or  small  lenticular  discs,  and  through  the  mixture 
formed  of  these  two  minerals  there  run  parallel  layers  or 
leaves  of  Mica,  giving  the  rock  a  foliated  structure. 
•  Banuay,  Oeology  of  Notth  Wales,  p.  ifi. 
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The  Felspar  is  usnaUj  Orthodase,  but  Oligodase  often 
as  well ;  the  Mica  is  moetlj  a  Potash  Mica,  some- 
a  Magneeiaii  Mica. 
Two  other  minerals,  Hornblende  and  Talc,  occur  fre- 
^SZOently  as  accessories,  and  sometimes  in  such  abundance 
■^tt  to  give  rise  to  the  two  following  varieties  of  the  rock : — 
HorMenUe  Gneiu,  in  which  the  Mica  is  in  part  or  whoUy 
^^"eplaoed  by  Hornblende.    When  Hornblende  is  so  abund- 
ant as  to  n>rm  the  greater  part  of  the  rock,  it  is  spoken 
of  as  Hornblende  Schiet:    this  form  sometimes  loses  its 
vehistose  character,  when  it  is  known  as  Hornblende  JRoek. 

Protoginej  or  Ttdeoee  Gfneus,  consists  of  Orthodase,  Oligo- 
dase, Quartz,  Mica,  and  a  Talcose  mineral ;  it  is  sometimes 
noken  of  as  a  variety  of  Granite,  but  the  descriptions  given 
A  it  seem  to  show  that  it  has  always  more  or  less  of  a 
fldustoee  structure,  and  that  it  is  a  truly  metamorphio 
loek. 

Ontphitic  Qneiu  is  a  variety  in  which  the  Mica  is  wholly 
or  in  part  replaced  by  Ghraphite.  As  the  latter  mineral 
is  probably  of  vegetable  origin,  this  rock  has  most  likely 
arisen  from  the  metamorphism  of  sedimentaiy  deposits 
octttaining  carbonaceous  matter.* 

GramdiU  is  a  variety  of  Qneiss  containing  little  Mica, 

with  small  garnets  disseminated  through  it.     The  descrip- 

tkms  of  this  rock  given  by  different  petrologists  are  some- 

wliat  conflicting. 

We  have  mentioned  that  some  Mica  Schists  contain  Fel- 

S,  and  so  show  a  gradual  transition  from  the  normal 
L  of  that  rock  into  Gneiss.     The  latter  is  also  found 
uterbedded  with  various  schistose  rocks.     This  intimate 
<>oimection  between  Gneiss  and  the  Schists  leads  us  to  look 
^^^  the  former  as  havine  arisen  from  the  more  intense 
Qietamorphism  of  some  of  me  highly  siliceous  members  of 
Ae  flame  class  of  rocks  as  gave  rise  to  the  latter.     This 
<^asion  is  confirmed  by  the  position  which  Gneiss  so 
beqnently  occupies  among  metamorphic  rocks.     In  the 
^  examples  of  metamorphic  districts  given  at  the  begin- 
ning of  tnis  chapter,  and  in  numerous  other  cases,  we 
ittre  a  central  mass  of  some  highly  crystalline  amorphous 
itdc,  such  as  Granite,  surroimding  tlus  a  belt  of  Giieiss, 
ud  outside  that  a  belt  of  Schist,  which  gradually  shades 
off  into  less  and  less  altered  beds.    The  Granite  we  have 
ieen  is  either  the  cause  or  the  extreme  form  of  the  meta- 

*  See  Geological  Magazine,  iv.      nous  Gneiss  and  Mica  Schist  in 
ISO,  for  an  account  of  bitumi-      Sweden. 
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morphisin,  end  the  order  in  which  the  Biirmiinding  belts  ot 
roL-k  oc-c-ur  may  well  rL>preBeat  tlio  degree  of  tilt«<rati<Ki 
they  have  imdorgoDe,  the  amount  of  change  decr^asln^  ti 
we  recede  from  the  centre  when  it  attained  its  maximiuui 
Bumctimes  the  passage  from  foliat«d  Gneiss,  throucph  4 
sort  of  foliated  Granitts  or  Granitic  Gneiss,  into  aniorphoai 
Granite,  Id  bo  gradual  that  it  is  impustiible  tu  suy  wheat 
one  ends  and  the  uther  begins- 

Eorly  Tlieori«B  about  CrystaUiiie  Sohista. — In  t^ 
early  days  of  geological  speculation,  the  crystalline  Schirta 
were  not  supposed  to  owe  their  peculiarities  of  structur(>  to 
motamorphism,  but  were  imagined  to  have  been  formed  bI| 
uf  them  at  the  some  time,  and  pretty  much  as  we  see  thed 
now,  during  a  very  early  period  of  the  world's  histoiyi 
when  conditions  obtained  Terr  different  from  any  that  aa^t 
exist.  The  constituents  of  fliese  rocks  were  supposed  to 
liiivo  been  hold  in  solution  in  nn  ocean  of  lioilLng  water. 
tinil  to  hiivc  been  precijiiliitci  as  it  tooled.  A  Itirking 
fondness  for  this  hyijotbesis  seems  still  to  linger  in  the 
mindB  of  some  eminent  geologists.  Wliile  they  are 
driven  by  the  overwhehning  nature  of  the  evidence  to 
admit  that  there  are  many  cases  of  schistose  rocks  which 
are  mctamoriihosed  sedimentary  deposits,  and  that  the 
process  which  gave  rise  to  them  has  operated  at  many 
different  times,  thoy  still  think  it  possible,  or  even  likely, 
that  in  some  of  those  cases,  where  there  is  a  very  large 
tliicknesB  and  extent  of  crystalline  Schists,  where  no 
proofs  of  meohanicttl  origin  can  be  detected  in  tbem,  and 
where  indications  of  the  existence  of  life  at  the  time  of 
their  formation,  either  in  the  shape  of  fossils  o)  Limestones, 
are  wanting,  we  may  have  rocks  wliich  owe  their  crystal- 
line structure,  wholly  or  in  part,  to  chemical  precipitation 
from  an  ocean,  the  like  of  which  can  have  existed  only 
during  the  passage  of  the  earth  from  some  pre-existing 
state  to  its  present  condition. 

We  shaU  see  presently  that  in  all  likelihood  the 
earth  has  passed  through  some  such  stage  as  this  hypo- 
thesis requires,  and  it  may  be  that  during  such  a  period 
i-ocks  analogous  to  the  crystalline  Schists  were  produced; 
though,  as  we  have  no  experience  to  guide  us,  we  can  do 
no  more  than  form  vague  conjectures  as  to  what  would 
happen  under  such  conditions;  but,  assuming  that  such 
was  the  case,  there  seems  no  necessity  for  the  opinion  that 
any  of  the  rocks  of  this  class  now  in  existence  date  from 
so  remote  a  period. 
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^^en  we  have  two  masses  of  Gneiss  differing  from  one 

^^^other  in  no  essential  respect  whatever,  and  when  we 

^^ow  that  one  has  been  produced  by  metamorphism,  it 

^^eitainly  seems  more  reasonable  to  belieye  that  the  oiher 

^as  produced  in  the  same  way,  till  some  good  ground  can 

\>e  shown  to  the  contrary,  than  to  go  out  of  one's  way  to 

invent  some  other  purely  imaginary  method  by  whidi  it 

might  have  been  formed.     Beasoning  from  analogy  is  not 

uecessarily  conclusive,  but  it  is  safer  than  reasoning  based 

(ju  dreamy  coniecture. 

The  most  telline  point  against  such  hyx)othese8,  however, 
is  the  fact  that  the  oldest  rocks  we  know,  the  Laurentian 
formation  of  Canada,  are  crystalline  Schists,  which  are 
ooadusively  proved  to  be  metamorphic  by  the  traces  they 
itfll  present  of  mechanical  origin  and  by  the  presence  in 
them,  of  what  are  abnost  certamly  fossils.  There  may  be 
roeks  older  than  these,  but  the  biurden  of  proof  rests  with 
those  who  assert  this  to  be  the  case,  and  proofs  have  not 
yet  been  forthcoming. 

3rd  Class. — ^Amobfhous  Crystalline  Eockp. 

We  have  already  explained  the  difPereiices  of  opinion 

as  to  the  origin  of  many  of  the  rocks  included  in  this 

class,  and  have  pointed  out  that  it  is  only  lately  that 

some  geologists  have  begun  to  realise  that  its  members 

may  be  only  intensely  altered  portions  of  the  strata  among 

w-luch  they  occur.     Among  the  rocks  which  come  under 

^liis  head,  some  Granites  occupy  a  prominent  place ;  and 

^Ixe  reasons  for  holding  the  above  opinion  will  be  more 

tl^oroughly  brought  out  when  we  come  to  treat  of  that  rock 

**i.d  its  allies.     We  will  here  give  a  few  instances  where 

^Ixcre  seem  good  grounds  for  believing  that  large  masses 

9^  amorphous  crystalline  rock  owe  their  present  form  to 

^^tense  metamorphism. 

In  the  district  of  Carrick,  in  Ayrshire,  there  occurs  in 
^e  midst  of  a  country,  composed  mainly  of  hard  Felspathic 
Sandstones  with  occasional  beds  of  Lunestone,  a  tract  of 
^ocks  so  exactly  like  intrusive  igneous  rocks  in  look  and 
^composition  and  general  character,  that  they  were  for  long 
^erred  without  hesitation  to  that  class.     A  careful  exami- 
nation, however,  has  shown  that  they  have  been  produced 
hj  the  metamorphism  of  the  surrounding  strata.     Mr. 
James  Geikie  has  traced  a  gradual  passage  from  unaltered 
Sandstones,  through  forms  in  whicn  an  amygdaloidal  tex- 
ture begins  to  be  developed,  up  to  porphyritic  and  dosely 
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gmin^  Felatones,  whicli,  judged  by  look  aud  mineml 
oharactor  alone,  could  not  be  diat  in  fished  from,  intrusive 
members  of  tlio  Felspathic  class  of  Crystolline  rocks ;  and 
he  has  even  detected  here  and  there,  in  the  very  heart  of    ' 
these  apparently  iatrusive  tracts,  areaa  of  unaltfired  rock   ,' 
gradually  shading  oS  into  the  Crystalline  rooka  vhich    , 
surround  them.     In  other  cases  the  stuue  process,  acting 

Erabably  on  beds  richer  in  Magnesia,  has  given  rise  to 
tioritio  rocks  which  approach  quite  as  clostely  intrusive 
rocks  of  basic  composition.* 

We  meet  with  rocks  which  most  likely  come  under  ths 
present  class  in  Chamwood  Forest  in  Leicestershire.  This 
tract  consists  of  Clay  Slate  with  associated  masses  of  8j9- 
nites,  Felstonea,  and  GreenBtones.  Hand  specimens  of  tie  , 
three  last  cannot  be  distinguished  from  samples  of  intrusi'e 
rooks  of  the  same  composition;  but  it  is  quite  certain  \ 
that  in  the  present  case  these  Crystalline  rocks  have  icit 
biiTBt  thniiigh  th-'  h.'ds  which  surrnunil  thnm.  but  hu'f 
been  produced  by  intense  alteration  of  the  latter,  becaiue 
they  pass  by  such  insensible  gradations  into  the  unaltered 
strata  in  their  neighbourhood,  that  it  is  often  impossible  to 
trace  a  boundary  between  the  unchanged  and  the  intensely 
Crj'staUine  rocks,  and  in  some  parts  it  is  possible  to  observe 
"every  degree  of  gradation,  from  a  common  unaltered 
slaty  character  to  rocks  that  seem  to  be,  in  hand  specimens, 
igneous,  but,  on  a  large  scale  on  the  ground,  show  traces 
of  stratification  and  other  signs  proving  them  to  be  of 
sedimentary  origin,  but  so  much  altered  that  they  have 
been  partly,  and  in  some  cases  entirely,  fused,  and  thu* 
pait  into  to  ealltd  igneou*  rock»  of  the  deep-seated  kinds.  In 
Chamwood  Forest  it  would  be  easy  to  collect  a  suite  of 
specimens  showing  a  perfect  passage  from  stratified  into 
igneous  rocks."t  On  the  same  head  another  observer 
remarks  :  "  Tho  general  charac-ter  of  the  rock  is  such  as  to 
convey  irresistibly  the  impression  that  it  is  nothing  else 
but  the  Clay  Slate  itself,  heated  to  the  melting  point,  and 
then  crystaUiaed  by  cooling.  It  would  seem  that  a  series 
of  beds  of  Clay,  more  or  leas  pure,  were  first  consolidated 
into  slates,  and  then  subjected,  in  situ,  to  intense  heat 
under  pressure."! 

*  Qoart.  Joum.  deal.  Soc.  nf  the  Maseam  of  Practical  Oeology, 
London,  xxti.  513.  _  3rd  ed.  p.  19. 

i  OutUnes  of  ths  Geology  of 
LaiceBtPishire,  Rev.  W.  H.  Cole- 
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A  rery  strikmg  instance  of  a  sedimentaiy  lOck  wUcih 
been  so  far  altered  as  to  be  indistinguishable  from  one 
^>f  intmsiye  origin  is  famished  by  the  deposit  called  Por- 
phyritic  daystone  Conelomerate  by  Mr.  Darwin,  which 
oocnrs  in  Patagonia  and  covers  lar^  areas  in  Chili.  Of 
tliifl  he  says:  ''The  formation^  which  I  call  Porphyritic 
Gcmglomeratey  is  the  most  important  and  most  developed 
in  UiilL  From  a  sreat  number  of  sections  I  find  it  to  be 
a  true  coarse  Gon^merate  or  Breccia,  which  passes  by 
every  step,  in  slow  gradations,  into  a  fine  Claystone  Por- 
phyry ;  the  pebbles  and  cement  becoming  porphyritic,  till 
at  last  all  is  blended  in  one  compact  rock.  The  Porphyries 
are  exceedingly  abundant  in  this  chain,  and  I  feel  sure 
that  at  least  four-fifths  of  them  have  been  thus  produced 
from  sedimentary  beds  in  9%tu,  There  are  also  Porphyries, 
irhich  have  been  injected  from  below  among  the  strata, 
and  others  ejected,  which  have  flowed  in  streams ;  and  I 
cxnild  show  specimens  of  this  rock,  produced  by  these  three 
methods,  which  cannot  be  distinguished."* 

A  Teiy  instructive  rock  in  connection  with  the  present 
subject  is  HaUeflinta  or  Fehitio  Schist.  It  is  in  character 
intmnediate  between  Felstone  and  Gneiss,  is  foliated  or 
Qnerenly  laminated,  and  sometimes  contains  an  admixture 
of  Chlorite  and  occasionally  some  Mica.  It  occurs  in 
Sweden  interbedded  with  Qneiss  and  Qranulite,  into  which 
^t  passes  insensibly.  It  is  therefore  metamorphic,  and  in 
^U  probability  is  ike  result  of  the  alteration  of  beds  more 
^^^  metamorphosed  than  the  surroimding  strata ;  so  that 
whOe  they  have  been  altered  only  so  far  as  to  become 
^^eiss,  it  has  had  a  narrow  escape  of  being  fused  alto- 
gether and  converted  into  something  indistinguishable 
^*t>m  an  eruptive  Felstone. 

A  case  has  been  already  mentioned  in  North  Wales 
(p.  272)  of  a  Crystalline  rock  indistinguishable  in  many 
'^^Kpeccs  from  an  igneous  intrusion,  which  on  the  groimd 
P^^eeents  every  appearance  of  having  been  formed  by 
^etamorphism  out  of  mechanical  deposits.  Similar  ex- 
^^^les  occur  in  the  YoseeSff  and  indeed  it  would  not  be 
^^cult  to  assemble  a  doud  of  witnesses  far  larg^  than 
^e  can  find  room  for  here. 


p^  Letter  from  Mr.  Darwin  to 
ypConor  Henslow,  Dec.,  1835. 
"'^uted  for  priTate  distribution 
!]^<^  the  members  of  the  Gam- 
^^'^^Pbilowyphical  Society.  For 


details,  see  Geological  Observa- 
tions on  South  America,  pp.  148, 
149,  169. 

t  Daubree,  Annalee  dee  Mines, 
ToL  zxvi.    ' 
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Serpentine  is  a  rock  which  may  be  conveniently  described 
hero,  bei'atiso  there  are  Tarietiea  of  it  beloneing  to  all  three    i 
of  the  diLHsea  into  which  we  have  divided  Ube  motamorphtc 
rocks.     It  coasists  esaentiallf  of  Bilicale  of  Magnesia  with    i 
from  12  to  21  per  cent,  of  water.     Oxide  of  Iron  very 
frequently  onteni  into  its  composition,  and  the  presence 
of  other  impurities  gives  rise  to  numerous  varieties.     It  is    I 
soft  but  tough,  with  a  soapy  unctuous  feel,  often  of  a  dull    j 
green  colour,  but  sometimes  beautifidly  mottled  rod,  green,    ' 
and  puri)le,  with  veins  of  white  Soapstone  or  Asbestos.  i 

Serpentine  occurs  under  various  forms.  It  is  sometimes  i 
distinctly  bedded  and  intercalated  among  strata  of  crystal- 
line Schists.  Thus  in  the  Laurentian  gneiseic  rocks  of 
Canada  it  ia  met  with  in  bedded  maaeea  of  groat  purity  ; 
it  occurs  also  oseociated  with  Limestone  or  Dolomite,  eome- 
timos  in  grains  arranged  in  bands  parallel  to  the  stratifica- 
tion, auJ  sometimes  in  veins  travui'sins:  the  rwk.*  In  the 
sami-  countrj-  il  gn:tit  tiiiikiifus  of  hfiidcd  Scrpt'iitini?  al^o 
occurs  in  the  Quebec  Group  of  rocks  ;t  and  Serpentine  has 
also  been  found  interbedoed  in  thin  layers  with  stratified 
l>iorites  at  St.  Stephen's-! 

In  the  metamoriihic  district  of  Ayrshire,  mentioned  a  few 
pages  back,  Serjicntines  are  found  along  with  and  passing 
int^i  metamorjihic  Dioritea,  and  sometimes  closely  connected 
with  unaltered  Limestones. 

The  very  frequent  association  of  Serpentine  with  Dolo- 
mitic  Limestones  makes  it  probable  that  it  has  in  many 
cases  been  produced  by  the  alteration  of  that  class  of  rocks, 
end  that  the  piocesa  which  turned  Limestone  into  Dolomite 
would,  if  carried  a  stage  further,  give  rise  to  a  calcareous 
Serpentine  or  Oplucalcite,  and  then  to  Serpentine  proper. 

AVhere  Serpentine  and  metamorpliic  Diorites  occur  toge- 
ther, they  may  have  both  arisen  from  the  alteration  of 
rocks  rich  in  Magnesia. 

Serpentine  is  also  found  with  a  laminated  structure,  and 
when  the  surfaces  of  the  laminie  are  covered  by  plates  of 
Mica  or  Chlorite  it  becomes  a  foliated  rock.  Su<3i  a  rock 
passes  into  Talcoae  Scliiat,  and  is  perhaps  only  a  meta- 
morphosed form  of  the  latter. 

Serpentine  also  occurs  in  amorphous  masses  often  of 
large  size,  and  in  veins  traversing  other  rocks.  In  some 
of  these  bosses  indistinct  wavy  lines,  parallel  to  the  bedding 

"  See  Report  of  Progress  of  the  t  Ibid.,  p.  268. 

Geol.  Survey  of  Canada  (1863),  j  Ibid.  (1871),  1871),  p.  32. 

pp.  471,  591. 
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or  foliation  of  the  surrounding  rocks,  may  still  be  traced, 
cxmyeying  the  impression  that  they  are  metamorphic 
xnasses  ;*  in  other  cases  no  structure  can  be  percoived,  but 
^ren  here  analogy  leads  us  to  infer  a  metamor];)hic  origin 
J5or  the  rock. 

Veins  of  Serpentine  may  have  been  produced  by  that 
extreme  form  of  metamorphism  which  had  caused  its  pro- 
ducts to  behave  eruptively;  it  is  more  likely,  however, 
^liat  they  are  altered  veins  of  some  intrusive  Basic  rock. 

The  process  by  which  the  rocks  mentioned,  and  probably 
xmany  others,  have  been  converted  into  Serpentine,  is 
l^elieved  by  many  geologists  to  have  been  a  species  of 
pseudomorphism ;  the  original  minerals  of  the  rock  being 
^Tadually  replaced  by  Hydrated  Silicate  of  Magnesia.f 

SECTION  ni.— CAUSES  OF  METAMORPHISM. 

The  principal  phenomena  and  products  of  metamorphism 
Ixaving  been  now  described,  it  remains  to  inquire  whether 
^^e  can  offer  any  reasonable  explanation  of  the  means  by 
'^wrliich  it  has  been  brought  about. 

Local  Xetamorphism  by  IntnunTe  Igneoiui  Bocks. 

-It  will  no  doubt  have  already  occurred  to  the  reader,  in 

^^onnection  with  this  part  of  the  subject,  that  we  often  find, 

^iong  the  margin  of  intrusive  masses  of  igneous  rock,  that 

^he  beds  through  which  they  have  forced  their  way  are 

altered  into  substances  identical  with  some  members  of  the 

''Metamorphic  class.     Sandstones  are  baked  into  Quartzites, 

■I^aniestones  put  on  a  crystalline  texture,  and  Shales  are 

^^onverted  into  Lydian  Stone  or  Porcellanite.   The  alteration 

^oes  not  extend  usually  to  any  great  distance,  and  this  sort 

^^  metamorphism  is  tiierefore  spoken  of  as  local  (meta- 

^i^orphisme  accidentel,  de  juxtaposition,  de  la  roche  encais- 

*^tete)  to  distinguish  it  from  the  widespread  metamorphism 

Wetfiiinorphisme  normal,    general,   regional)   which  has 

^^tended  its  influence  over  lar^e  areas. 

Beat  one  Agent. — It  is  dear  that  in  such  cases  the 
Wt  of  the  molten  intrusive  rock  has  had  an  important 
Aare  in  effecting  the  change.  We  are  also  led  to  look  upon 
Wt  as  one  of  the  agencies  that  aided  in  producing  meta- 
morphism, on  account  of  the  striking  analogies  that  Meta- 
mozphic  rocks  offer  to  rocks  which  we  know  were  produced 
by  Igneous  fusion,  in  the  character  of  their  crystalline 

*  Bamsay  G^L  of  N.  Wales,  f  Bischo£f,  Chemical  Greologyp 

p.  179.  iL  chap.  xl. 
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mmerale,  spMially  in  the  presence  in  thMn  of  anhydi»tta 
SilicattiB.  Comiderations  of  this  nature  lead  us  to  look 
apon  heat  aa  essential  to  the  prodndion  of  metamorphism, 
in  the  sense  in  which  we  have  used  the  word.  And  all  the  ] 
successful  attempts  to  imitate  experimentally  melamorphic 
processes  have  required  the  intervention  of  heat. 

Eaftt  alone  not    entnigh. — But   there  are  a  host  of    ' 
roafions  why  heat  alone  would  not  be  suiEcJent.     It  is  not 
always  the  case  that  injections  of  igneoiis  rocks  produce 
local  metamorjihism,  as  would  be  the  case  if  nothing  but 
heat  were  wanted  for  the  tank.     Again,  the  low  conducting     , 
power  of  rofka  makea  it  difficult  to  undorstond  how  heat     , 
could  have  found   its   way  through  the  vast   areas  and 
enormous  thicknesses  of  rock  that   show  tfaroughottt   a    | 
uniform  degree  of  intense  metamorphiQm.     Then,  ve  often    < 
iind  crystalline  minerals,  which  must  have  been  generated 
subsequently  to  the  foraiatimi  nf  the  roi-k  in  -n-liii-!!  th'-v 
occur,  iii  r."ks  tli>-  ninin  body  nf  whl.h  i^  vi/ry  littli-  idU-r^d 
at  all.     If  these  were  produced  by  heat,  how  is  it  that  the 
heat  ha^  had  ao  little  effect  on  the  rock  surrounding  them  ? 
On  grounds  lite  these  we  conclude  that  though   meta- 
raorj>hiam  cannot  be  produced  without  heat,  something  dse 
is  wanted. 

Hsatfld  Vapoors, — A  study  of  volcanic  phenomena 
suggests  OR  poesiblo  aids  heat  ed  vapours,  such  as  Sulphurous, 
Carbonic,  Hydrochloric,  and  Hydrofluoric  acida.  These  we 
know  are  given  off  from  lavas,  and  give  rise  by  chemical 
reaction  to  sundry  crystalline  products. 

Water, — Agents  like  these  have  doubtless  assisted  in 
the  work  of  metamorphism  ;  but  there  is  one  substance  so 
universally  present  in  all  rocks,  and  bo  thoroughly  capable 
of  effecting,  when  in  aheated  state,  so  many  of  the  changes 
which  observation  shows  to  have  taken  place,  that  we  ntust 
look  upon  it  as  the  grand  helpmate  of  heat  in  bringing 
about  metamorphic  changes.  That  substance  is  water. 
Wo  have  ho  few  opportunities  of  becoming  acquainted  with 
the  portion  of  the  earth  below  the  surface,  that  it  does  not 
reamly  occur  to  us  how  widely  water  must  be  diffused 
throughout  the  ground  beneath  our  feet,  and  to  what  great 
depths  it  penetrates.  But  a  little  reflection  wiU  soon  bring 
home  to  our  minds  the  conviction  that  water  must  exiat  in 
aa  large  quantity  below  as  above  the  surface.  In  all  under- 
ground explorations,  as  the  miner  knows  to  his  cost,  it  is 
met  with ;  and  wherever  a  path  is  open,  it  tends  steadily 
downwards.  Friction  and  the  narrowing  of  suitable  channels 
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oaoiBe  a  deerease  in  the  amount  in  many  cases  as  we  descend, 
and  sometimes  the  fortunate  presence  of  a  natural  means 
of  escape  gives  rise  to  what  is  practically  a  dry  mine,  but 
an  all  attempts  to  penetrate  below  the  surface  water  is  the 
one  enemy  which  we  always  have  to  copa  with  to  a  greater 
or  less  degree.  That  it  descends  to  depths  greater  than 
any  we  have  been  able  to  reach,  is  rendered  highly  pro- 
liable  by  the  existence  of  thermal  springs,  which  in  many 
oases  can  obtain  their  heat  only  by  nsin^  from  a  very  con- 
siderable depth.  The  enormous  quantity  of  water  given 
off  during  volcanic  eruptions  alBO  shows  that  it  exists  in 
Large  qiumtities  at  depths  below  the  surface.  Even  when 
friction  and  other  impediments  counteract  the  effect  of 
g^vity  in  diffusing  water,  capillary  attraction  comes  in  to 
^mtice  it  through  me  minute  pores  and  interstices  of  the 
v^ooksy  and  causes  them  to  be  saturated  with  it.  Water 
<mgain  exists  in  a  state  of  chemical  combination  in  many 
zaoinerals,  and  is  set  free  when  they  are  decomposed,  as  in 
all  probability  has  happened  during  the  process  of  meta- 
zioiorphism. 

Bo  much  for  the  diffusion  of  water.    We  must  next  take 

uito  account  the  increase  of  temperature  as  we  descend  into 

'fclie  earth.     This  subject  belongs  to  a  subsequent  chapter; 

i.'fc  will  be  enough  to  state  here  that  as  we  go  below  the 

STuface  the  temperature  rises,  and  that  the  average  rate  of 

increase  may  be  taken  at  1"*  Fahrenheit  for  every  60  feet : 

SL't  this  rate  we  should,  at  about  a  depth  of  two  miles, 

arrive  at  the  temperature  at  which  water  boils  at  the  level 

o£  the  sea.     The  pressure  at  such  a  depth  would  probably 

T>vevent  water  from  passing  into  a  state  of  vapour,  but  in 

tliig  intensely  heatea  condition,  or  as  superheated  steam. 

It  would  become  a  far  more  powerful  agent  than  at  ordinary 

'^^mperatures,  for  acting  as  a  solvent,  for  promoting  che- 

"iiucal  decomposition,  and  for  softening  and  dimimflhing 

^  coherency  of  the  constituent  minerals  of  rocks. 

We  shall  have  to  notice  subsequentiy  that  the  crumpling 
and  crushing  which  the  rocks  have  imdergone  is  another 
powible  source  of  heat,  which  may  well  have  aided  the 
work  of  metamorphism  at  less  depths  than  that  mentioned. 
Water,  too,  would  not  pass  down  pure ;  in  its  passage  it 
would  take  up  the  various  minerals  soluble  m  it  with 
which  it  came  m  contact,  and  would  do  this  to  a  larger  and 
laiger  degree  as  it  became  more  and  more  highly  heated.* 

*  In  connection  with  ihia  aee  Sterry  Iliint,  Quart  Joum.  Geol. 
80c,  XT.  488. 
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Seeing,  then,  that  watCT  is  i?ireryirhere  jireBent,  that  it  ia 
M  well  able  to  prumote  and  eSect  alteration  in  rocks  bMiestli 
th«  surface,  and  that  we  know  of  do  other  eiibetanoe  tliat 
^MI^  compare  with  it  in  them  Tespects,  we  are  justified  in 
ooncludiue  thai  it  must  pltt;  «  teadiag  part  in  any  changes 
that  are  being  vrought  among  the  K>cks  of  the  earth's 

Premnre  wad  Depth. — Sundry  wngidcrationR  lead  to 
the  f<:mi'iiision  that  metamorjihiem  must  have  gon«  on  at 
coasiderabls  depths  below  the  Barfaro. 

A  thick  cooddg  of  orei'lying  rock  would  be  necessary  to 
c^teck  the  eecane  of  beat,  and  to  prevent  the  water  and 
other  motamorphosing  agents,  or  eomo  of  the  tonetituenta 
of  the  rock,  being  luiven  ofi  in  a  etate  of  vapour ;  for 
instance,  in  the  conrension  of  lomeetone  into  cryetalliae 
Marble,  we  must  have  preeanre  to  prov^it  the  escape  of 
thf  Carbonic  Acid.  It  is  quite  cli'ar,  too,  that  the  Crrslalline 
nxks  could  not  have  b«n  pTCKhioed  by  iii'at  abiiie  iit 
atmospheric  pressure,  Ik^husc,  if  thi^y  am  fused  iiiid  nllowtHi 
to  solidify,  they  harden  either  into  a  glass  or  a  stony  mass 
totally  different  from  the  original  rock ;  and  if  they 
originated  from  the  joint  action  of  heat  and  water,  we  shall 
stiU  require  the  assistance  of  depth  to  raise  the  latter  Ui 
the  requisite  temperature  and  pressure  to  prevent  it  escap- 
ing as  steam.  Further,  we  have  the  fact  that  Metamorphic 
RX'ka  usually  show  intense  folding  and  contortion,  and  it 
will  be  explained  by-und-by  that,  as  far  as  we  know,  this 
could  have  been  produced  only  under  the  pressure  due  to  a 
thick  mass  of  rock  atop.  Lastly,  the  successful  attempts 
to  imitate  artificially  metamorphic  processes  hare  all  called 
in  the  assistance  of  pressure.* 

We  must  not  suppose,  however,  that  metamoiphism  will 
necessarily  be  pro(tucfd  if  a  rock  is  sunk  deep  enough  into 
the  earth.  There  are  cases  where  we  can  show  that  rocks 
hare  been  piled  one  on  the  top  of  the  other  to  a  thickness  of 
ten  or  twelve  thousand  feet,  and  yet  the  bottom  beds  show 
no  signs  of  what  is  usually  called  metamorphism  ;  on  the 
other  hand,  we  can  point  to  rocks  which  have  not  had  at 
the  outside  half  the  above  thickness  of  cover  on  when  fhey 
were  metamorphosed,  and  are  yet  converted  into  crj-stalline 

•  Prof.    Goilde    has    tried    to  coneidprablB,  it  waj  probaWf  not 

determuie  the  depth  nt  u'liifh  the  bo  great  A&  has   been  Bometimod 

melnmorphiBm     of    tlie     tkolch  auppnjpd.      (Transactiona    Edin- 

Highlimda   wag    pri  iii'-.'.l ;     and  bui^h  Geol.  Soc.,  ii.  2S7-) 
hHB   sbown,  Ihnt,  though   it  vai 
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Schists.  When  we  reflect  how  complex  the  process  of  meta- 
morphism  probably  is,  and  how  many  causes — ^heat,  water, 
pressure,  and  may  be  others  we  do  not  know  of — are 
necessary  for  its  production,  the  seeming  inconsistencies  of 
these  cases  vanish.  We  shall  also  see,  by-and-by,  that  the 
heat  required  was  possibly  not  derived  directly  from  the 
heated  interior,  but  was  a  result  of  crumpling  and  crushing ; 
the  mechanical  work  necessary  to  produce  the  complicated 
puckering  of  the  Metamorphic  ro(^  must  have  been  enor- 
mous, and,  if  this  were  transformed  into  heat,  it  would 
probably  furnish  an  amount  amply  sufficient  for  the  work 
qI  alteration.  If  this  be  so,  the  amount  of  metamorphism 
ought  to  increase  with  the  contortion,  and  not  necessarily 
wiUi  the  depth  to  which  the  rooks  have  been  sunk. 

We  will  now  glance  at  some  of  the  attempts  to  imitate 
experimentally  the  process  of  metamorphism. 

Bjcperiments  of  Sanbree. — Amon^  the  most  instructive 
are  those  of  Daubree.  He  enclosed  uie  substances  to  be 
operated  on  along  with  some  water  in  a  glass  tube,  which 
was  introduced  into  a  strong  iron  cylinder  to  prevent  its 
being  burst  by  the  expansive  force  of  the  steam,  subjected 
the  whole  to  various  temperatures,  and  afterwards  allowed 
it  to  cool  slowly.  Among  the  resulta  obtained  were  the 
following.  At  a  dull  red  heat  the  action  of  water  alone  on 
the  glass  of  the  tube  gave  rise  to  numerous  well-formed 
<97Btals  of  Quartz  and  to  a  Zeolitic  Silicate.  Obsidian  was 
<»nTerted  into  a  substance  resembling  Trachyte,  which, 
when  powdered  and  examined  under  the  microscope,  had 
*n  the  character  of  Sanidine  or  glassy  Orthoclase. 

In  another  experiment  the  mineral  waters  of  Plombieros, 
which  are  rich  m  Silicates  of  Potash  and  Soda,  were  sub- 
stituted for  pure  water.     The  walls  of  the  tube  were  found 
*o  be  coated  with  Silica  in  the  form  of  Quartz  crystfds  and 
Chalcedony,  which  appeared  to  have  been  derived  from  the 
decomposition  of  the  Alcalino  Silicates  of  the  water.     When 
Amass  of  pure  Kaolin  was  treated  with  these  waters,  it 
5*8  converted  into  a  solid  substance,  confusedly  crystallised 
in  small  prisms,  which  proved  to  be  a  double  Silicate  of 
Afamiina  and  an  Alkali  with  all  the  characters  of  Felspar ; 
mixed  with  this  was  a  little  crystallised  Quartz.     He  also 
succeeded  in  producing  a  variety   of  Augite  known  as 
Diopside,  and  a  mineral  which  there  was  every  reason  to 
believe  was  Mica.     A  point  of  great  importance  brought 
out  by  these  experiments  was  the  small  quantity  of  wat^r 
necessary  for  the  transformations ;  in  some  oases  this  did 
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not  amount  to  a  third  part  by  weight  of  the  substauo) 
tranftfomiwl.* 

BeasarchflB  of  Btarry  Buit. — Among  other  ex]M'j4- 
ment*rs,  Ih.  Starry  Hunt  has  itointed  out  how  water  hold- 
ing in  eolution  Alkaliiio  Carboiiat«8  and  Silicatoe  can,  by 
its  action  on  the  hoat«d  strata  of  the  Sanda,  Cia.ja,  and 
earthy  Carbonates  of  eedinientary  dopotuts,  give  rise  Ui 
the  various  siliceous  minerals  which  make  up  the  Crystal- 
line rocks;  and  he  believes  that  a  temperature  of  212' 
Fahrenheit  wotdd  sufiiM;  for  the  production  of  Silicatee  of 
Lime,  Magnesia,  and  Iron,  and  that  at  4H0°  the  FeUpathic 
and  Micaceous  Silicates  generally  could  bo  formed.t 

Obaerrations  of  Xx.  Sorby. — The  researches  of  Mr. 
Sorby  have  thrown  groat  light  on  ibe  process  of  metamor- 
phism,  and  be  has  shown  by  a  most  ingeniouA  lino  of 
reasoning  that  wat«r  as  well  a»  beat  must  have  taken  part 
in  the  formation  of  many  Crystalline  rocks.  It  bad  been 
long  known  that  trystat  oftt'n  eniilosti  hollow  sjmces,  of 
all  sizes  from  1-10,000  of  an  iuih  in  dii.iuL'tir  up  to  some 
few  large  enough  to  be  seen  with  tbe  naked  eye,  and  that 
these  cavities  contain  liquid ;  sometimes  tbe  cavitiea  are 
entirely  filled,  somotimos  there  is  a  bubble  in  them  whicli 
moves  about  bko  that  in  a  spirit-level ;  and  Mr.  Sorby 
showed  that  in  many  cases  the  fluid  is  water.  Now  it  is 
found  by  experiment  that  when  crystals  are  formed  from 
solution  they  contain  cavities  filled  with  the  fluid  from 
which  the  etystala  were  thrown  down  ;  that  at  the  time  of 
their  formation  these  cavities  are  /vll  of  liquid ;  that  as 
long  as  the  crystal  is  kept  at  the  aame  temperature  as  that 
at  which  it  was  formed  ^e  cavities  remain  fuU;  but  that  if 
the  crystal  cool  down  to  a  lower  temperature,  the  conse- 
quent contraction  of  the  enclosed  fluid  caiuet  «  vaeuitg  or 
hiibhU  to  be  farmed  m  the  cantiet.     In  crystals  formed  by 

*  For  detftila  of  these  experi-  anr  le  H4tamorphtame  dea  Roches, 

menta  aee  Anoalos  dan  Mines,  £tb  and  Ann,  dea  Minea,  6th  Barica, 

series,  lii.  2BB ;   Etudea  et  Ex-  lii.  and  xiii.    Vernon  Haroonrt, 

p^riences    Synthftiquea    sur   le  Ueport  of  British  Assoc  (1860), 

MfitamorpbiBine ;  Mcmoirea,  Aca-  p.  176.    MiCscherlich  but  la  Pio. 

dfmie  des  Sciencea,  ivii  (I860};  due  lion  srtiGcielle  das  Min^raiu 

Bulletin  Soc.  Q^ut.  de  France,  crystalliafs,    Ann.     de     Chimie, 

2Dd  aeries,  xv.  B7,  xvi.  £88.    See  zxiv.  258  (1824). 
kIso  Duroclier,  Etudes  aur  le  Me-  -f  Quart  Joum.  Q«oL  Boc  of 

tAmorphisme,  Bullet.  Soc.  06ol.  London,    it.    488 ;     ECeport   on 

de  France,  inA  seriea,  iii.  617;  Geological    Survey    of    Ctuuda 

M^tamorpbismo    dans     lea    Pj-  (1866),  p.  479  )  SiUinuui'a  Jonr- 

ren^aa,   Add.     des    Minea,    3rd  nal,  Sod  series,  iii.  1S5,  ixitL 

Mriee,  vi.   78.     Delesse,    Etudea  214,  and  Julj,  1864.  • 
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^omple  igneous  fusion,  sach  as  those  which  occur  in  furnace 
oJaffs,  there  are  cavities,  hut  they  are  full  of  ylass  or  stone, 
^ndf  when  they  contain  bubbles,  the  bubbles  do  not  move. 
Now  we  can  by  experiment  imitate  only  very  imperfectly 
^fae  conditions  under  which  the  minerals  of  the  Ciystalline 
zocks  were  probably  formed ;  but  from  the  above  facts  we 
xnay  infer  that,  if  a  fused  mass  containing  water  crystallise 
tmder  pressure  sufficient  to  prevent  the  escape  of  the  water 
in  the  shape  of  vapour,  some  crystals  might  be  deposited 
fram  solution  in  the  highly  heated  water  and  cat^h  up 
small  portions  of  the  fused  stone,  and  so  contain  glass  or 
stone  cavities ;  other  crystals  mi^ht  be  formed  by  crystal- 
lisation of  the  melted  stone  and  catch  up  portions  of  the 
-prater,  and  so  contain  fluid  cavities. 

Arttmig  the  numerous  instances  which  Mr.  Sorby  gives 
of  natural  crystals  containing  water  cavities,  we  may  men- 
tion, as  most  nearly  connected  with  the  subject  now  before 
us,  the  Quartz  and  Gkumet  of  Mica  Schist  and  Gneiss.    He 
shows  how  Felspathic  Clays  might  be  converted  into  crys- 
talline Quartz  and  Mica,  so  as  to  constitute  Mica  Schist, 
"by  the  removal  of  part  of  the  alkaline  bases,  and  argues, 
from  the  presence  of  water  cavities,  that  the  alteration  was 
not  the  eSfect  of  dry  heat  and  partial  fusion,  but  was  due 
to  highly  heated  water  disseminated  through  the  rock. 
The  mat  that  the  process  took  place  at  a  high  temperature 
ia  inferred  from  me  presence  of  bubbles  in  the  cavities ; 
Ukd  by  determining  the  degree  to  which  the  crystals  must 
^  heated  in  order  to  make  the  liquid  expand  so  as  to  fill 
tlie  cavity,  he  has  endeavoured  to  fix  what  that  tempera- 
tore  actually  was.     This  last  step  of  the  problem  cannot 
^  solved  unless  we  know  also  the  pressure  imder  which 
the  operation  took  place  ;    but,  by  making  reasonable 
Mmmptions  on  this  head,  most  instructive  results  are 
•mredat* 

TtModomorpliisiii. — One  other  action  of  percolating 
viter  has  played  doubtless  an  important  part  in  producing 
oietamorphic  changes,  namely,  what  is  known  as  pseudo- 
iDorphic  change.  By  this  one  or  more  of  the  chemical  con- 
stitaents  of  a  mineral  is  wholly  or  in  part  abstracted,  and 
iti  place  taken  by  a  totally  different  substance,  frequently 

*  Quzi.  Joum.  Oeol.  Soc  of  reader  to  consult  these  beantifol 

LondoDt  xi^*  ^^3  ;   Reports    of  memoirs  themselves.    He  should 

British  Anodation,  1856,  p.  78,  also  refer  to  Mr.    J.  A.  Phillip's 

1857,  p.  92.    I  hope  the  short  remarks  on  the  subject.    Quart. 

'ikiteh  alxnre  given  will  lead  the  Joum.  GeoL  Soc.,  irxi.  332. 


without  any  modification  of  the  original  crystalline  form. 
We  liave  already  ratjntionetl  Serpentiao  ae  a  rock  which 
probably  owes  ite  present  compoi^ition  to  thiE  procoss,  anil 
It  has  doubtless  acted  largely  in  many  other  ca«es.  For 
details  on  the  subject,  the  reader  may  refer  to  Bischof  0 
•'  Chemical  Geology." 

Tariatioiui  in  aaiunmt  of  XetMnorpliisiii. — In  con- 
eidering  tho  action  of  the  various  iuetAiuorpho8tii^  b^uIa 
we  must  recollect  that  they  would  act  unequally  on  dif- 
ferent rotates.  Some  rocks  would  conduct  heat  more  readily 
and  be  more  peirious  to  water  and  Tapours  than  others ; 
the  final  result  would  also  depend  on  tho  original  compo- 
sition of  the  rocJc  opoi-ated  on ;  and  thus  we  (lan  easily 
understand  how  it  is  that  in  a  mass  of  metamorphic  roeka 
we  find  some  beds  much  more  altered  than  others  imme- 
diately in  contact  with  them.  Thus  Frofessor  Oeikie  tells 
us  that,  among  tho  altcrod  rocks  of  the  southern  ujihiiids 
of  Scotlaud,  there  appears  to  be  always  a  close  connection 
between  the  nature  and  extent  of  the  metamorphism  and 
the  chemical  constitution  of  the  rocks  in  which  it  is  mani- 
fested. It  is  always  most  developed  in  those  strata  into 
whose  composition  Felspar  enters  as  a  main  ingredient, 
while  on  the  other  hand  in  the  more  quartzoae  rocks  little 
or  comparatively  little  chauge  has  taken  place.  (Memoirs 
of  the  Geological  Survey  of  Scotland,  Explanation  of 
sheet  15,  par.  35.)  New  elements  besides  might  well  be 
introduced  by  water  into  the  rocks  through  which  it  finds 
its  way,  and  wo  must  therefore  not  be  surprised  if  the 
chemical  eomiwsition  of  a  mctumorphic  rock  differs  from 
that  of  the  mechanical  deposit  fixjm  which  it  was  derived. 

Bubaidiarr  Metamorphoauig  Agencies.^ — The  causes 
mentioned  seem,  as  far  as  our  knowledge  goes,  to  have  been 
the  main  agents  in  the  production  of  metamorphism  ;  but 
in  particular  instances  other  subsidiary  influences  no  doubt 
gave  their  help.  Thus,  for  instance,  Forchhammer  believes 
Qiat  the  presence  of  sea-weeds  has  conduced  lai^ly  to 
bring  about  tlie  present  condition  of  the  Alum  Slate  of 
Scandinavia.* 

Snminary. — Our  present  knowledge  does  not  enable  us, 
and  it  is  doubtful  if  we  ever  shall  be  able,  to  unravel  fully 
the  intricacies  of  the  subtle  process  of  metamorphism  ;  but 
reasoning,  such  as  that  which  has  been  laid  before  the  reader, 
enables  na  to  form  what  is  probably  a  verj'  just  notion  of  the 
general  way  in  which  the  result  has  been  brought  about. 
*  KepoTt  of  Brituti  AsscciatioQ,  1844,  p,  77. 
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is  an  essential  requisite,  but  the  difficulty  of  account- 
;he  transmission  of  heat  by  mere  conduction  through 
st  masses  of  rock  as  have  been  thoroughly  meta- 
sed,  obliges  us  to  look  for  some  vehicle  which  would 
ite  it  by  convection.  Such  a  vehicle  we  find  in  water, 
versal  presence  of  this  substance,  and  its  incessant 
circulation,  fit  it  admirably  for  the  task  of  acting 
iiser  of  heat ;  and  at  the  same  time  by  its  power  of 
g  rocks,  and  by  its  chemical  reaction,  it  aids  mate- 
n  promoting  recurangement  of  the  constituent 
9y  decomposition  and   the  formation  of  new  com- 

and  the  introduction  of  fresh  elements.  Other 
ces,  in  the  state  either  of  liquid  or  vapour,  may 
d  a  share  in  the  process.  Lastly,  we  can  obtain  the 
e  widespread  heat,  and  the  means  of  preventing  the 
tf  water  and  other  volatile  substances  which  aided  it, 
ier  the  pressure  of  a  considerable  thickness  of  over- 
ck ;  and  on  this  and  other  grounds  we  conclude  that 
rphism  went  on  deep  imder  ground,  and  that  we 
Eunorphic  rocks  at  the  surface  now  only  because  they 
en  uplifted,  and  the  covering  of  rock  imder  which 
ire  once  buried  has  been  removed  by  denudation. 
kmorphism  no  Proof  of  Antiquity. — It  is  a  fact 
Las  been  long  noticed  that  Metamor|)hic  rocks  are 
lentiful  among  the  older  than  among  the  younger 
•8  of  the  rocks  of  the  earth's  crust.  So  generally 
this,  that  at  one  time  the  fact  of  a  rock  being  a 
ine  Schist  was  looked  upon  as  conclusive  proof  of 
itiquity. 

an  inference  is,  however,  by  no  means  sound  and 
We  can  point  to  rocks  of  this  class  which  have  cer- 
•een  produced  during  geological  periods  compara- 
3cent ;  and  there  can  be  no  doubt  that  metamor- 
las  always  been  going  on,  and  is  now  in  progress. 
we  bear  in  mind  the  position  of  the  metamorphio 
3p,  we  shall  see  that  the  prevalence  of  metamorphic 
8  among  the  older  rocks  is  only  what  is  to  be  ex- 

The  Metamorphic  rocks  of  recent  date  are,  for  the 
ji;,  hidden  from  sight,  because  denudation  has  not 
time  to  strip  off  the  covering  of  rock  beneath  which 
ration  was  effected.  It  is  only  in  districts  like  the 
here  great  upheaval  and  extensive  denudation  has 
I  in  comparatively  recent  times,  that  we  can  hope  to 
ght  of  rocks  that  have  been  metamorphosed  during 
r  portions  of  the  earth's  lifetime.     We  must  also 
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bear  in  mind  tlmt  the  older  a  roclc  ia,  the  greater  i^mnce 
will  it  have  liad  of  having  been  subjw-ted  tu  metamorjihic 
influence,  and  thia  will  tend  to  make  metomorphlc  products 
more  ubimdunt  in  the  older  than  the  newer  rocks. 

On  the  other  hand,  while  we  are  bound  to  admit  thftt 
metamorphism  hoB  always  been  going  on,  we  shall  see,  in 
Chapter  XI.,  that  there  is  reason  to  beheve  that  at  very  re- 
mote periods  its  a4jtioti  must  have  been  more  vigorous  t>[HTt 
at  present.  Whether,  howBTer,  any  of  the  Muttuiiorphic 
rotiks  formed  during  these  periods  RtiU  aurvivei,  is  onotlier 
and  a  veiy  open  question 


CHAPTER  VIIL 

GRANITIC  BOCKS. 

Though  there  ii  a  great  oharacteristio  difference  between  tlie 
L  atonic  and  Volcanic  actions  and  their  producte,  the  two,  when 
bked  at  largely,  are  Been  so  to  inosculate,  that  it  is  impossible  not  to 
for  them  to  an  agency  common  to  both.^B.  Mallet. 

\NE  other  group  of  rocks,  namely  Qranite  and  its  allies, 
'  remains  to  be  considered.  They  form  the  extreme 
3)0  of  those  rocks  which  were  grouped  together  in  the 
«t  chapter  under  the  third  subdivision  of  metamorphic 
roducts,  and  they  might  therefore  have  been  treated  of 
.cng  with  other  members  of  that  dass.  We  have  pre- 
ened to  give  them  a  chapter  to  themselves  for  the  f ollow- 
^^  reasons.  We  are  anxious  to  put  clearly  before  the 
k«der  the  reasons  which  have  led  geologists  to  believe  in 
L«  metamorphic  origin  of  many  of  the  so-called  Trappean 
xd  Plutonic  rocks,  and  the  best  way  to  do  this  seemed  to 
^  to  work  out  the  arg^ument  for  one  special  instance.  Now 
>  example  can  be  more  suitable  for  this  purpose  than 
^nnite,  for  it  was  mainly  from  a  study  of  it  that  the  idea 
t«t  many  so-called  igneous  rocks  are  only  the  result  of 
Crtreme  metamorphism  sprang  up  and  gained  strength. 

Granite,  too,  forms  a  connecting  link  between  Derivative 
K^ks  on  the  one  hand  and  subaerial  lavas  on  the  other.  It 
^n  in  many  cases  be  observed  to  pass  insensibly  into  Gneiss, 
Xd  this  in  its  turn  to  shade  off  imperceptibly  through 
^histoseand  other  less  altered  rocks  into  ordinary  derivative 
^posits.  On  the  other  hand  Gbanite  differs  from  some  subr 
^lial  lavas  such  as  Trachyte  in  nothing  but  texture ;  and 
Lere  can  be  little  doubt  that  the  same  melted  mass  which, 
)ien  it  hardened  at  the  surface,  took  the  form  of  Trachyte, 
Ould,  if  it  had  solidified  under  pressure,  have  assumed 
lat  of  Granite. 

But  while  Granite  is  thus  connected  with  both  Derivative 
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and  Volcanic  rocks,  standing  as  it  were  half  way  between 
thorn,  it  y^t  pussesses  peculiarilies  of  its  own  which  pre- 
vent us  from  claBsing  it  with  either,  and  it  may  theretoi* 
be  very  conveniently  considered  by  itself. 

DiSeTsiiGe  botwffeii  Granitic  and  Tolcaoic  Hooks. — 
The  descriptions  already  given  of  the  chemicaj.  imd  mineral 
compoBitioQ  of  the  Granitic  rocki!  show  that  in.  these 
respects  they  differ  in  no  essential  particulars  from  Bome 
Toteanio  rocks.  We  mentioned,  however,  that  in  texture 
tJiere  was  a  marked  distinction  between  the  two  classea. 
This  distinction  consiKta  mainly  in  the  following  circum- 
Btance.  tiranitie  rocks  are  without  exception  compact 
throughout;  they  never  show  the  cellular,  elaggy,  and 
cindery  textures  so  characteristic  of  true  Volcanic  rocks. 

This  fact  led  to  the  belief  that  Granitic  rocks  had 
hardened  from  the  same  semi-molten  condition  as  lavas. 
but  fhiit  tlin  CDoliii"  hud  grme  on  under  ]>resslire.  and  it 
was  pointed  out  that  the  necessary  pressure  would  be 
obtained  if  we  supposed  them  to  have  consobdated  at  some 
depth  below  the  surface  instead  of  having  been  poured  out 
in  the  open  air. 

Fetrolo^cal  Modes  of  Ooovrrfliice  of  Granita. — 
When  Granite  is  studied  on  a  large  scale  in  the  field  it  is 
found  to  present  itself  under  three  clearly  distinguishable 
forms.  It  is  sometimes  bedded  or  occurs  interstratified 
with  undoubtedly  bedded  deposits ;  in  other  cases  it 
assumes  the  form  of  an  amorphous  crystalline  maae,  which 
takes  the  place  of  a  portion  of  the  rocks  by  which  it  is 
eurroundeii,  and  gradually  melts  away  into  them  along  its 
edges  ;  thirdly,  we  meet  with  Granite  which  is  marked  off 
by  a  hard  lino  from  the  adjoining  rocks,  which  sends  veins 
into  them,  and  is  so  related  to  them  in  lie  and  position  that 
there  con  be  no  doubt  that  it  bos  burst  through  tbem 
intrusively  in  a  state  of  fusion. 

The  first  two  forms  may  be  distinguished  as  Metamor* 
phic,  the  last,  proviaignally,*  as  Intrusive  Granite. 

We  will  now  give  a  sketch  of  one  of  the  many  cases  where 
a  perfect  passage  can  be  traced  from  imaltered  sedimeatary 
deposits,  through  a  group  of  rocks  showing  a  continually 
increasing  degree  of  metamorphiem,  till  the  series  ends  in 
Granite  ;  and  then  go  on  to  describe  some  instances  of  the 
three  forms  under  which  that  rock  occurs. 

"  Prociiionalli/,  because,  as  we  product*  of  int«Dse  motamor- 
faave  ftlrfody  pointed  out,  iatnt-  phism,  and  there/ore  in  reality 
sive  rocka  ore  [irobablf  only  the      melamorphio. 
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Granite  of  the  Pjfreneee. — An  excellent  instance  of 
the  gradual  growth  of  metamorphism  terminating  in  the 
production  of  Qranite  is  found  in  the  Pyrenees,  and  has 
Deen  most  carefully  worked  out  by  Professor  Fuchs.* 

In  that  mountain  chain  there  are  several  detached  masses 
of  Granite,  and  around  each  of  these  there  wraps  a  belt  of 
altered  rocks,  the  metamorphism  of  which  begins  at  the 
edge  farthest  from  the  Gbanite  in  traces  which  can  be 
detected  only  by  the  most  careful  scrutiny,  and  in  a  general 
way  increases  as  the  Granite  is  approached.  The  f oUowing 
are  the  principal  steps  in  the  gradual  series  of  changes. 

Outside  the  zone  where  metamorphism  first  becomes 
apparent  there  is  Clay  Slate,  which  to  the  naked  eye  and 
even  under  a  pocket  lens  seems  perfectly  homogeneous; 
magnified  400  times  certain  dark  points,  indistinctly  out^ 
lined,  make  their  appearance,  and  imder  a  power  of  900 
the  rock  resolves  itself  into  an  interlacing  network  of  fine 
crystals  of  Quartz,  Mica,  Chlorite,  and  a  little  Magnetite. 
Next  to  this  rock  comes  a  Clay  Slate  in  which  the  dark 
spots  become  more  readily  distinguishable,  but  even  here 
tney  are  so  small  that  they  would  not  be  noticed  with  the 
eye  alone,  were  it  not  that  their  dull  colour  contrasts  with 
the  lustrous  brilliancy  of  the  rest  of  the  rock ;  when  this 
Tock  is  highly  magnified,  the  little  spots  are  seen  to  be 
concretions,  and  Quartz  and  Mica  are  clearly  distinguish- 
able in  the  body  of  the  rook.  As  we  get  fiirther  into  the 
metamorphic  zone  the  small  concretions  increase  in  size, 
and  become  more  distinctly  outlined,  till  the  rock  becomes 
a  true  Nodular  Schist  (Knotenschiefer  or  Fruchtschief er), 
at  the  same  time  the  Quartz  and  Mica  are  more  distinctly 
developed,  so  that  the  rock  passes  into  a  form  intermediate 
between  Clay  Slate  and  Mica  Schist  to  which  it  is  not  pos- 
sible to  assign  a  definite  name.  The  concretions  continue 
to  increase  in  number  and  size,  till  they  at  last  assume  the 
form  of  dark  prismatic  bodies,  which  are  crystals  of  a 
mineral  known  as  Andalusite. 

As  we  advance  still  further  into  the  heart  of  the  meta- 
morphic region,  the  rock  assumes  more  and  more  the  form 
of  a  mixture  of  Quartz  and  Mica,  and  a  curious  change  is 
noticed  in  the  concretions  and  Andalusite  crystals:  dieir 
outline  becomes  indistinct.  Mica  makes  its  appearance  in 

*  Die  Alten  S«diment-Fonna-  Leonhard's  Jahrbuch,   1870,  pp. 

tionen  und  ihro  Metamorphose  in  717,    851.      See   also    Verhand- 

dcn  franzdoBchen  PyrenHen,  von  lungen  dsr   k.  k.   Geologischen 

Hern  Professor  C.  w.  C.  Fuchs  ;  Beichsanstalt,  1869,  p.  314. 
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them,  and  at  last  they  fade  graduaUj'  away  and  aro  replacnd 
by  the  latter  mineral ;  in  faol  they  undergo  the  process  uf 
change  known  as  pseud omorphiem,  and  Mica  is  gradually 
Bubstituted  for  Andalusite,  The  rock  thus  passes  into  a 
typical  Mica  Suhist.  As  Boon  as  the  change  has  heeu 
efiected  Folaiiar  begins  to  make  its  apjwiarance,  at  first 
sparingly,  so  that  it  ie  no  more  than  an  aundental  ooa- 
Blitueat,  but  it  becomes  step  by  step  more  plentiful,  till  the 
Mica  Schist  at  last  puts  on  the  form  of  a  foliated  oompoimd 
of  Quartz,  Mica,  and  Felspar,  tliat  la,  passes  into  Gneise; 
and  in  many  cases  it  is  impossible  to  say  where  one  Toek 
ends  and  the  other  begins. 

The  earliest  appearances  of  Gneiss  are  finely  grained 
and  poor  in  Quartz,  but  as  wo  approach  the  Granite  the 
rock  beeomes  coarser  and  the  Quartz  more  plentiful. 

Lastly  the  Gneiss  loses  by  degrees  its  Schistose  struotore, 
and  pasPCfl  by  the  muBt  imperoii]>tible  gradations  into  true 
Ormiite;  tome  of  tht>  int.-niir-liate  vuri.'tios,  whii.h  par- 
take in  a  manner  of  the  characters  of  both  rocks,  nave 
been  called  Granitic  Gneiss,* 

Aa  a  rule  the  degree  of  alteration  increases  steadily  as 
wo  approach  the  Gi-anite,  but  this  is  not  universally  the 
case.  Occasioaally  beds  actuallj"  in  contact  with  Gnuiite 
are  less  higldy  altered  than  others  farther  off.  In  such 
cases  the  amount  of  mctamorphism  has  probably  been 
determined  by  something  in  the  original  constitution  of 
the  rock,  which  has  caused  some  beds  to  be  more  easily 
metamorphosed  than  others, 

Metamorphic  Qranite.— We  will  now  give  one  or  two 
instances  of  those  modes  of  occurrence  of  Granite  which 
have  been  distinguished  as  metamorphic. 

We  can,  as  has  been  said,  distinguish  two  forms  of  this  rock. 
The  first,  where  a  truly  Granitic  rock  has  been  produced, 
still  retaining  traces  of  the  original  bedding :  such  Granites 
differ  from  Gneiss  only  in  the  absence  or  scanty  appearance 
of  foliation.  In  the  second  form,  the  metamorphic  influ- 
ences seem  to  have  been  powerful  enough  to  efface  the 
bedding,  and  the  result  has  been  a  crystalline  amorphous 
mass  wliich  replaces  a  portion  of  the  rocks  that  surround 
it,  but  shows  no  signs  of  having  burst  violently  through 
them.  Hand  specimens  of  such  rocks  could  give  us  no  clue 
to  the  way  in  which  they  arose ;  but  a  study  of  euch  n 


■  The  metamorphic  racks   of      Pfrenses.    See  Wud,  Qnart^rlv 
Skiddaw  and  Carrock    Fell  re-      Journal  of  the  Qmlogical  SoeiBty, 

■eiubla  irary  doaely  thou  of  th«      xxxii.  1. 
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m  the  field  prores  them  to  be  encircled  by  belts  of  strata, 
eadi  of  which  shows,  as  we  proceed  outwards,  a  smaller 
•ad  smaller  d^iree  of  alteration  till  we  at  last  reach  rocks 
perlectlj  unchanged;  and  these  belts  are  not  separated 
fram  one  another  by  hard  lines,  but  each  melts  impercep- 
tibly into  the  one  on  each  side  of  it. 

The  rocks  characterizing  the  £rst  form  would  seem  to 
hare  been  produced  by  metamorphic  action  exerted  imi- 
ionnly  over  large  areas.  In  most  of  the  cases  belonging 
to  the  second  form  there  seems  to  have  been  a  centre  where 
the  energy  of  metamorphism  attained  a  maximum,  and 
from  whSuL  it  gradually  decreased  in  all  directions. 

The  distinction  between  the  two  cases  may  be  illustrated 
by  the  following  example.  If  heat  be  supplied  \iiiif  ormly 
to  the  under  surface  of  a  thick  metal  plate— if,  for  instance, 
it  fonn  the  lid  of  a  vessel  of  boiling  water — ^temperature  of 
the  upper  sui&use  will  be  the  same  all  over ;  but  if  we 
dizeci  a  jet  of  flame  against  the  back  of  the  plate,  there 
will  be  on  the  front  a  point  of  maximum  heating,  from 
which  the  temperature  will  decrease  all  round. 

SoiMgal.— -One  instance  of  Qranite  which  seems  to  come 
under  the  first  head  has  been  already  given  in  the  descrip- 
tion of  the  metamorphic  district  of  Donegal  (p.  265),  where 
true  beds  of  a  rock,  indisting^uishable  from  Granite,  occur 
interstratified  with  Mica  Schist  and  other  metamorphic 
rocks,  and  where  these  alternations  of  Gh*aiiite  with  other 
rocks  pass  gradually  into  a  large  mass  composed  entirely  of 
Granite,  wmch  possesses  what  may  be  traces  of  an  originally 
bedded  structure. 

Brittaiiy. — What  seem  to  be  Gh-anites  of  a  similar 
origin  are  met  with  in  Brittany.  In  that  province  two 
Tery  distinct  forms  of  Qranite  occur.  One  forms  the  flanks 
of  the  hill  ranges.  It  is  finely  grained,  and  contains  inter- 
stratified beds  of  Mica  Schist,  Common  Qnciss,  Gh*anitic 
mud  Talcose  Gneiss,  into  which  it  passes  so  insensibly  that 
it  is  impossible  to  define  a  boundary  between  the  two.  On 
the  boraers  of  the  Granitic  areas  the  Granite  is  flanked  by 
Gneiss,  into  which  it  passes  imperceptibly,  and  the  latter 
shades  off  through  Mica  Schist  into  broad  tracts  of  Clay 
Slate.  As  we  approach  the  Granite,  crystals  of  a  mineral 
known  as  Stauroute  begin  to  make  their  appearance,  and 
become  more  plentiful  and  more  perfectly  formed  the  nearer 
we  set  to  that  rock.     All  these  mdications  seem  capable  of 

Slanation  only  on  the  supposition  that  the  Granite  is  a 
y  bedded  rock,  which  has  assumed  its  present  form 


314  GEOLOOT. 

through  mettuDor^ihic  ai^tion.  Whether  the  result  of  thi* 
aclion  has  ended  in  the  production  of  Granite  or  some  other 
form  of  altered  rock,  would  depend  partly  on  its  intensity  imd 
partly  on  the  composition  of  the  rock  Bubmitted  to  its  influ- 
ence, 'Whore  we  get  beds  of  Granite  interetiatified  with 
other  rocks,  the  former  were  probably  atrata  whose  com- 
position rendered  them  m.ore  8u»raptible  of  metamorpbism 
than  the  latter.  Large  tracts  of  Granito  may  have  ariBcm 
from  the  alteration  of  a  great  thicknese  of  such  rocks,  or 
from  an  intensity  of  metamorplusm  sufficient  to  convert 
intfl  Granite  rocks  of  different  mineral  composition. 

That  the  extent  of  metamorphism  does  actually  depend 
in  some  measure  on  the  composition  of  the  rock  o]>erat«d 
on  is  found  to  be  the  cose  in  many  instancee,  of  wluch  the 
following  may  be  taken  as  an  example.  In  speaking  of 
some  metamorphosed  beds  in  the  eouthem  uplands  of  Boot- 
land.  IVifi-'Ssor  Gcikie  Btatc*  that  the  cliarncter  and  extent 
of  the  metamorphiam  have  been  largely  determined  by  the 
original  composition  of  the  rock.  Its  Quartz  graina  nave 
suffered  little  or  no  change ;  it  is  the  dark  argillaceoas  base 
or  matrix  that  has  undergone  metamorphism.  Hence, 
when  a  coarse  quartzose  grit  occurs  it  has  suffered  little 
alteration  ;  but  where,  on  the  other  hand,  the  rock  ha«  been 
formed  out  of  a  fine  sandy  Silt  or  muddy  Sand,  the  meta- 
morjihism  reaches  its  maximum.  (Memoirs  of  the  Geo- 
logical Survey  of  Scotland.  Explanation  of  sheet  3, 
par.  25.) 

The  other  Granite  of  Brittany  is  more  coarsely  grained 
than  the  one  just  described  and  porphyritic.  It  ooes  not 
show  intercalations  of  other  rocks ;  it  penetrates  and  sends 
veins  into  the  first,  and  contains  fragments  of  Gneiss. 
These  facts  show  that  this  Granite  has  been  forcibly  thrust 
in  among  the  group  of  beds  of  which  the  first  Granite  is  a 
member.  This  Granite  forms  the  peaks  and  summits  of  th.e 
hill  ranges.* 

Prieatlaw. — Of  the  second  form  under  which  Granite 
occurs,  no  better  instance  can  be  found  than  that  of  Priest- 
law  in  Berwickshire.  I  This  is  a  triangular  mass,  about 
one  square  mile  in  extent,  surrounded  on  all  sides  by  Fel- 
spathio  Sandstones  and  Shales.     The  rock  of  which  it  is 


*  Eiplicationde  U  CarteOeo- 
logir|ua  de  la  France,  i.  192; 
Oeol.  Mhr.,  I.  p.  102. 

t  PUyfiur,  IlIustrHtionB,Woik« 
(1B22),  i.  328 ;  The  Quilogy  of 


Eaat  Lotbiui  (Uamoirs  of  tl)« 
Geological  Survey  of  Soot- 
land),  p.  15.  For  another  nmilar 
inatancn,  eee  the  Geology  of  NoTth 
Beririckshiru.  p.  29. 
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composed  yariee  in  teztiire  and  grain,  but  is  for  the  most 
part  a  well-marked  Granite,  made  up  of  Felspar,  Quartz, 
and  Mica,  with  occasional  Hornblende.  Professor  A.  G^iHe 
has  described  with  great  care  a  section,  which  starts  about 
a  mile  from  the  hill,  and  shows  a  series  of  gradual  changes 
in  the  surrounding  beds,  which  terminate  in  Granite. 

He  notes  first  uiat  the  strata  become  exceedingly  fine- 
grained and  compact,  ringing  with  a  metallic  sound  when 
struck;  the  Sandstones,  however,  still  retain  a  granular 
texture,  and  the  Shales,  even  when  almost  converted  into 
Jasper,  still  show  their  fissile  structure  along  a  weathered 
face.  The  next  change  noticed  is  the  appearance  of  a 
number  of  veins,  beds,  or  dykes  of  rock  indistinguishable 
from  Felstone.  These  are  not,  as  might  be  supposed,  intru- 
nve  masses,  they  shade  off  so  imperceptibly  into  the  Sand- 
stone adjoining  them,  that  they  are  evidently  metamor- 
phosed portions  of  the  latter.  One  of  these  ciystalline  beds 
nas  a  oase  of  pink  crystalline  Felspar,  with  scattered 
specks  of  black  Mica  and  Hornblende ;  in  another  case,  a 
bed  of  exceedingly  hard  Sandstone  contains  granules  of 
dark  vitreous  Quartz,  and  is  so  extremely  altered  that  it 
might  readily  pass  for  a  Felstone,  were  it  not  that  its 
bedded  structure  is  still  distinct.  The  number  of  these 
oystaDine  n[iasses  and  the  intensity  of  the  alteration  con- 
tinues to  increase,  till  we  at  last  reach  rocks  of  which  it  is 
hard  to  say  whether  they  are  to  be  called  Sandstones  or 
Felstones ;  then  follows  a  rock  with  much  of  the  character 
of  a  SandJstone,  but  which  soon  passes  into  an  imdoubted 
salmon-coloured  Felstone ;  this  becomes  again  more  finely 
crystalline,  until  it  once  more  resembles  Sandstone.  It  is 
liore  composed  of  Felspar,  Quartz,  and  Hornblende,  with 
Mica.  To  this  compound  immediately  succeeds  by  a  rapid 
increase  in  the  size  of  the  crystals  the  true  Granite  of 


This  section  shows  beyond  doubt  that  the  Gbanite  occu- 
pies a  centre  from  which  metamorphic  action  extended  itself 
azomid  among  the  adjoining  rocks.  The  question  arises, 
is  the  Qramte  itself  only  me  final  step  in  the  series  of 
ciuuiffes  by  which  the  surrounding  beds  have  been  ren- 
dered more  and  more  crystalline ;  or  is  it  a  mass,  intruded 
in  a  molten  state,  from  which  heat  has  spread  outwards, 
and  brought  about  these  changes  ?  There  is  much  against 
the  latter  view.  The  alteration  produced  by  intrusive 
Igneous  masses  seldom  extends  so  far  as  in  the  present 
case  into  the  adjoining  rocks.  But  what  tells  most  strongly 
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againBt  the  eeoond  explanalion  is  the  almost  issenmble 
grodatioiiH  by  which  the  paasaee  is  effected  {torn  slightly 
altered  Saudetones  and  8aules  into  Granite. 

An  intrusive  mas*  would  probably  produce  some  altera- 
tion of  the  surrounding  rocbs;  but  there  would  still  b«  a 
line  of  demarcation  between  the  irruptive  and  the  altered 
rocks  unlese  the  latt«r  had  been  converted  along  it«  inner 
margin  into  a  substance  exactly  identical  with  the  former. 
This  is  not  a  thing  very  likely  to  happen,  but  it  is  only  in 
this  way  that  the  gradual  melting  atray  of  the  more  hi^ily 
eryefaUine  into  the  lese  altered  rocks  could  be  made  aa 
peifi-ct  as  it  is  in  the  present  instance. 

A  case  like  this,  then,  shows,  that  QraniU  can  bt  pndufri 
bt/  the  mtlamorph*m  of  rock*  in  nfit,  for  some  at  least  of  the 
Fnestlaw  Granite  must  have  originated  in  this  way.  Thus 
much  we  must  admit ;  and  if  we  admit  this,  there  is  no 
ground  for  refusing  to  bf-lievo  that  the  wliolo  could  have 
been  formed  in  the  same  manner. 

Boath-weat  of  Scotland.— Mr.  J.  Geikie  haa  described 
some  Granites  in  the  south-west  of  Scotland,  which  seem 
to  have  had  a  similar  origin  to  that  of  Priestlaw.  The 
mass  of  the  country  is  composed  of  Felspathic  Sandstonee 
interbanded  with  occasional  beds  and  broad  belts  of  Shales 
and  Mudstones.  The  former  approach  Granite  in  compo- 
sition more  nearly  than  the  latter,  and  we  might  therefore 
expect  that,  if  a  group  of  alternations  of  such  beds  became 
converted  into  Granite,  the  transformation  would  be  carried 
to  a  larger  extent  in  the  Sandstones  than  in  the  Shalee. 
This  is  found  to  be  the  case.  There  are  certain  patches  of 
Granite  to  the  north-east  of  Loch  Doon,  which  make  thmr 
appearance  in  broad  bands  of  vertical  Felspathic  Sand- 
stones flanked  on  either  side  by  hard  flinty  Shales.  The 
Shales  are  finely  crystalline  along  their  liiie  of  juncdoD 
with  the  Granite,  but  the  metamorphism  quickly  coasee  as 
we  recede  from  the  Granite  along  the  trend  of  a  belt  of 
Shale  ;  on  the  other  hand,  when  we  proceed  along  a  band 
of  the  Sandstone  we  find  alteration  extending  to  a  much 
greater  distance.  Where  the  hard  slaty  Shales  impinge 
on  the  Granite,  we  have  no  difficulty  in  laying  our  fingar 
upon  the  line  which  separates  one  rock  from  the  other ; 
but  at  the  point  where  the  Granite  and  the  Sandstones  come 
together,  the  union  of  the  two  rocks  is  so  intimate,  that  we 
have  usually  no  line  of  demarcation,  but,  on  the  contrary, 
a  gradual  passage.* 

*  Gaological  UagMdne,  iiL  CIS. 
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The  same  author,  in  defioribing  a  similar  traot  of  Oranite 

and  Minetto  in  the  same  neighbourhood,  which  he  believes 

owe  their  present  form  to  metamorphic  action,  says:  ''The 

anetamorpniBm  of  these  rocks  has  been  deduced  from  a 

^Tuiety  oi  considerations.    The  chemical  composition  of 

"^he  unaltered  strata  and  the  Crystalline  rocks  is  similar, 

«nd  distinct  passages  can  be  traced  from  granular  and 

slightly  altered  Felspathic  Sandstones  through  masses  of 

^irarions  textures  (the  main  constituent  being  Felspar,  with 

Quartz  and  Mica  more  or  less  abundant  m  plcuses)  into 

<3iystalline  rocks,  such  as  Minette  and  Oranite.     When 

'tfie  relation  of  these  ciystaUine  masses  to  the  surrounding 

"mialtered  Sandstones  is  considered,  the  metamorphic  cha- 

^racter  of  the  former  becomes  still  more  apparent.    The 

fiandfltones  are  not  broken  through  and  yiolently  displaced, 

xior  is  there  any  appearance  of  confusion,  as  the  centres  of 

nreater  metamorpmsm  are  approached.    On  the  contrary, 

^le  dip  and  strike  of  the  strata  continue  unchanged  and 

perfectly  distinct    imtil    the   rocks   begin   to   assume  a 

'  baked '   and  semi-ciystalline  texture,  and  the  bedding 

eradually  becomes  obscure,  and  at  last  vanishes  altogether. 

But  after  the  metamorphic  area  is  traversed,  and   the 

iinaltered  strata  on  the  farther  side  are  reached,  the  Fel- 

ipathic  Sandstones  again  appear  with  exactly  the  same  dip 

and  strike,  giving  no  evidence  of  disruption  by  ^reat 

masses  of  igneous  rock.     It  seems  reasonable  to  conclude, 

therefore,  that  the  Felspathic  Sandstones  were  once  con- 

tiniious  across  the  area  now  occupied  by  Crystalline  rocks, 

lad  that  these  Crystalline  rocks  have  not  been  erupted 

from  below,  but  are  in  truth  only  the  Felspathic  Sand- 

stmes  under  a  different  form.     The  Sandstones  in  this 

troA  have  been  simply  metamorphosed  into  Crystalline 

rocb:  they  have   changed  their  texture  while  retaining 

the  same  general  composition."* 

latnudTe  Cfaranite  of  Devon  and  Cornwall. — ^We 
aeit  pass  on  to  some  cases  in  which  the  relation  of  Oranite 
in  lie  and  position  to  the  surrounding  rocks,  and  its 
behaviour  in  other  respects,  can  be  explained  only  on  the 
hypothesis  that  it  has  been  forcibly  intruded  into  ihe  rocks 
tbU  now  surround  it.t    The  great  bosses  of  Oranite  that 

*  Mflmoifi  of  the  GeoL  Survey  rocks,  to  denote  that  they  have 

oi    Sootland.      Explanation     of  hunt  through   the  surrounding 

•beet  22,  par.  10.  strata  without  necessarily  reach- 

t  The  term  irruptive  is  often  ing  the  surface ;  while  those  in- 

a|>plied  to  deep-seated  intrusive  trusive  rocks  which  have  been 
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uucur  in  Devonshire  and  Cornwall  seem  to  be  of  tMe 
nature,  the  evidence  on  a  large  scale  being  porhaps  most 
oonclueive  in  the  case  of  tliat  one  which  forms  Dartmoor. 

The  surrounding  country,  the  general  structure  of  which 
is  shown  in  Fig.  o2,  contains  two  very  distinct  groups  of 
rocks.  Th^  upper,  shown  ty  the  darker  tint,  oonsirta  of 
Sandstones  and  Shales,  ofteo  with  much  carbonaceous 
matter,  and  here  and  there  beds  of  impure  AuthracitB. 
Some  earthy  Limostoues  occur  among  the  lower  beds.  Tbs 
underlying  Rroup  ia 
made  up  of  Cuiy  Slates 
and  hard  Grits.  Both  j 
groups  are  thrown  into  J 
a  number  of  oompli-  f 
cated  folds  and  undula- 1_ 
tlons,  but  in  spito  of  ^ 
these  have  a  general  " 
dip  to  the  uonh,  as 
shown  in  the  section, 
BO  that  thuir  separate 
beds  tome  out  to  the 
surface  lu  Hues  trend- 
ing on  the  whole  east 
and  ivest.  Now  it  wQl 
be  noted  that  one 
boundary  of  the  Gra- 
nite runs  nearly  due  f 
nortli  and  south,  or 
directly  across  the  bed- 
ding, and  this  could  ^'«-  ^^■"^'"^araoo^''"™"'"''  '"' 
only  happen  in  one  of 

two  ways.  Either  the  Granite  is  an  intruded  mass,  or  it  is 
a  portion  of  the  surrounding  rocks  which  has  been  mdted 
dowu,  and  on  cooling  has  assumed  the  form  of  Granite. 

There  are  many  reasons  for  not  entertaiuiag  the  latter 
supposition.  If  this  were  the  true  esplanatioa,  we  should 
expect  to  find  the  Granite  showing  a  passage  into  the 
adjoining  rocks,  losing  by  degrees  its  crystaUisatioQ  and 

dUchBiffed  from  Bubaeiiat  vents 


Utter  a 


?pokeu  of  a 


The 


. .     _..   .„ rocks  of 

Delesse  ;  the  former  sre  included 
under  hia  pse ado-igneous  and 
non-ign©(jua  claasea,  in  the  fonna- 
lioD  of  which  other  agents,  ha. 


very  huppy,  for  the  U^ouned 
agencies  have  also  had  a  ahare  ia 
tbi)  production  of  lOcks  of  lita 
igneous  cIom. 
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mdiiAllj  asmmimg  a  granular  texture  and  bedded  structure; 

but  such  is  not  the  case,  it  is  dearly  marked  off  from  the 

rocks  with  which  it  comes  in  contact.  Further,  if  the  Ghranite 

had  been  produced  by  the  melting  of  the  surrounding 

rocks,  it  would  seem  likelj  that  the  fusion  of  two  such 

different  groups  as  thej  are  composed  of  would  have  given 

rise  to  products  of  different  form  and  composition,  and  that 

we  should  have  found  one  kind  of  Granite  prevailing  on 

the  north  and  another  on  the  south  of  the  area ;  but  this  is 

3oi  the  case,  the  Dartmoor  rock  is  sing^ularly  \miform  in 

•^rharacter  throughout. 

Considerations  like  these,  combined  with  the  marked 

in  which  the  Qranite  cuts  across  the  bedding,  lead  us 

conclude  that  this  rock  has  not  been  derived  bj  any 

^unilifiiiiliiin  of  those  which  surround  it,  but  has  risen  a  per- 

jjfectly  independent  mass  from  below,  and  forced  its  way 

"Stthroufih  them. 

And  this  conclusion  is  further  confirmed    by  several 
points  in  the  behaviour  of  the  rock.     Though  the 
ie  of  separation  between  Grranite  and  the  adjoining  rock 
sharp  and  distinct,  the  latter  has  often  imdergone  just 
-|Lhe  same  sort  of  baking  and  alteration  as  we  have  already 
eeen  occurs  along  the  margins  of  intrusive  dykes.     The 
Granite  also  sends  veins  into  the  rock  in  contact  with  it, 
and  has  caught  up  and  enclosed  in  itself  portions  of  the 
"beds  which  it  penetrates. 

An  the  evidence,  therefore,  leads  us  to  the  conviction 
^hat  this  is  a  body  of  rock  which  has  been  forcibly 
i&tnd^d  in  a  molten  state,  and  similar  reasoning  leads  us 
to  a  like  conclusion  with  regard  to  the  other  Granitic  bosses 
▼hidi  occur  between  Dartmoor  and  the  Land's  End.  The 
probability  is,  that  beneath  the  whole  of  this  district  there 
stretches  a  sheet  of  Granite  ;  that  this  was  once  in  a  state 
of  fusion,  and  was  then  buried  under  a  much  greater 
thickness  of  bedded  rocks  than  at  present,  and  every  here 
and  there  bosses,  projecting  above  the  general  surface  of 
the  mass,  were  thrust  up  into  the  overlying  covering ;  that 
denudation  has  stripped  off  enough  of  the  capping  to 
expose  the  summits  of  these  bosses,  but  lias  not  work^  its 
way  down  to  the  spread  of  Granite  beneath  from  which 
they  all  spring.* 

&itnisiT6  Granite  of  Brittany. — We  have  already 
noticed  the  occurrence  of  two  kinds  of  Granite  in  Brittany, 

•  For  a  defcription  of  another       Jukes's  Manual  of  Geology,  3xd 
of  intnisi?e   Granito,   see       ed.,  pp.  241 — 245. 
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one  introBive,  and  tlie  otlier  apparently  tmlj  intarbeddc^ 
with  Metamorphic  rocks.  The  first  forma  tho  peaks  and 
ridg«B,  and  tho  eecond  ia  found  along  the  flanks  of  the  hill 
ranges.  This  restriction  of  each  kind  to  a  separate  w-gion 
atiornM  full  of  meaning,  for  before  the  rocka  Viere  brought 
into  their  present  poeitioa,  the  beds  out  of  which  the  first 
Granite  was  formed  were  the  lowest  of  the  group,  while 
those  which  gave  rise  to  the  second  Granite  were  higher  up 
in  the  series.*  The  metamorphism  of  the  firet  Granite 
therefore  went  on  at  a  greater  depth  than  that  of  the 
second,  and  was  proportionably  more  intense,  so  that  the 
rock  came  not  only  to  be  fused  but  to  be  driven  forcibly  into 
the  strata  around  it ;  while  the  second  Granite  having  been 
formed  at  a  smaller  depth,  when  the  metamorphiam  was 
less  complete,  still  retains  traces  of  ita  original  bedding. 

Qranite  Teina. — In  the  casea  just  described  among  the 
facts  ifuding-  to  establish  the  intrusive  behaviour  of  thi? 
Granite  were  the  sending  of  veins  into  the  adjoining  strata, 
the  occurrence  of  included  blocks,  and  contact-metamor- 
phism.  We  will  now  give  a  few  further  illuetrationB  of 
these  occurrences. 

It  was  from  the  observation  of  veina  proceeding  from 
a  Granite  mass  and  penetrating  the  overlying  rock  that 
Huttou  was  led  to  assign  an  igneous  origin  to  Granite,  f 
In  some  cases  perhaps  the  appearance  of  Teins  may  be 
deceptive ;  what  look  Uke  veins  may  sometimes  be  seen 
proceeding  from  a  Granite,  which  there  is  good  reason 
to  think  haa  never  been  completely  fused ;  theee,  it  may 
be,  are  portions  of  the  adjacent  rock,  which  yielded 
more  readily  to  metamorphic  influence  than  the  more 
stubborn  body  of  the  rock  itself,  and  so  became  converted 
into  granite,  while  the  rest  of  the  rock  remained  com- 
paratively unaltered.  But  such  an  explanation  is  not 
admissible  in  those  cases  where  Granite  veins  traverse  rocks, 
such  as  Limestone,  which  no  amount  of  metamorphism 
could  convert  into  Granite.  Of  many  such  instances  wo 
may  take  the  following  as  an  illustration.  The  strata  in 
the  region  between  the  Massawippe  £iver  and  Canaan,  in 
Canada,  are  in  many  places  pierced  by  considerable  masses 
of  a  beautiful  Granite,  which  consists  of  white  Quartz  and 
Felspar,  with  a  rather  sparing  amount  of  Mica  uniformly 
mixed.      Its  intrusive    nature  is  clearly  shown    by  the 

*  The  student  will  realiae  this  t  Playfnit'g  niDitntioiu, 

tiett«r  when  he  has  gone  through  Works,  1823,  vol.  i.  pp.  101, 
Chapter  IX.  308. 
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^lanito  ^kes,  which  proceed  from  it  in  Tsrious  directions. 
Oie  of  the  larBset  mflBses  measuree  about  six  square  miles; 
it  ftppeon  to  displace  the  caloareons  strata  which,  it  pene- 
bates,  aa  these  are  obaetred  to  dip  from  it  in  several 

tes.  At  one  spot,  within  a  short  distance  of  the  edge  of 
granitia  nudeua,  a  great  number  of  Granite  dykes  are 
•een,  cutting  the  basset  edges  of  the  Limestone  beds,  the 
whole  hanng  been  worn  down  to  a  horizontal  surface 
a  portion  of  which  is  represented  m  Fig  S3  Some  of  the 
main  dykee  are  from  two  to  three  feet  m  breadth  and 
dtnde  into  a  multitude  of  irregular  and  retioulatmg 
Imudiea,  many  of  wluoh  are  not  more  than  the  eigh^ 


i  U  wxih  wide.  In  the  face  of  an  escarpment,  which 
luei  from  the  (}Tanite  nucleus  to  this  horizontal  surface, 
a  U^  dyke,  of  which  all  the  others  are  probably  ramifi- 
caticms,  can  be  traced  down  to  its  boutco.* 

Good  illustrations  of  Granite  veins  will  be  found  in  Plate 
T,  md  on  pp.  168 — 187  of  De  la  Beche's  "Ecport  onthe 
Geology  of  Cornwall,  Devon,  and  West  Somerset ;  "  and  In 
IMeaeor  Bamsay's  "  Geolopy  of  the  Island  of  Arran." 

faelnd»d  Blocks  in  Oranito.— Those  masses  of  Granite 
which  appear  to  have  behaved  intrusively,  often  enclose 
~  mts  apparently  torn  off  from   the   rocks  through 

■  Beport  on  the  OeoL  Snirsj  of  Ckiud*  up  to  1863,  p.  434. 
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which  they  have  forced  their  way,  and  these  lilocke  fre- 
quently show  an  external  baked,  or  otherwise  alt6r«4, 
coating.  The  render  will  recollect  that  the  same  thing  is 
often  observod  in  the  case  of  dykes  and  other  intrusiye 
i^coUB  masses.  The  following  is  one  out  of  many  Buch 
cases.  In  the  Pyrenees  is  a  CJranite  contninin"  many 
blocks  of  a  dark  blue  Limestone,  identical  with  a  rock  found 
in  the  neighbourhood.  The  outside  crust  of  these  (ragmenta 
18  converted  into  White  Marble,  the  crystalline  texture 
gradually  disappears  towards  the  interior,  and  the  centre  hae 
the  name  colour  as  the  rock  from  which  they  were  derivei 

It  does  not  necessarily  follow  that  all  included  masses  of 
foreign  nx^k  which  are  met  with  in  Granite  have  oome 
there  in  the  way  just  deecribed.  "When  Granite  has  arisen 
from  the  intense  laetamorphism  of  a  group  of  rocks,  aome 
beds  of  which  were  more  susoepttbie  of  metamorphic 
inllut'iieo  thim  othora,  it  may  well  happen  that  portions  of 
tlie  lew  easily  mctnnmi-itliiisr-d  tn-ds  niiiy  i-ciiinin  wiu- 
paratiyely  unchanged  in  the  middle  of  the  crystalline  mass, 
which  resulted  from  the  reduction  of  the  more  readily 
altered  strata.  Cases  of  this  sort  have  been  noticed  among 
the  Granites  of  the  south  of  Scotland  by  Mr.  J.  GeiMe, 
see  p.  316,  and  Geological  Magazine,  iii.  533. 

Instances  have  boon  described  of  included  masses  of 
enormous  size  in  Granite.*  One  cannot  help  suspecting 
that  in  such  cases  we  are  dealing  with  a  metamorphosed 
group  of  beds  of  variable  composition;  tliat  some  hare 
been  converted  into  Granite,  while  others  were  better  able 
to  resist  alteration ;  and  that  the  supposed  included  massea 
are  reaUy  portions  of  the  latter,  rocks  in  fact  that  remained 
unaltered  while  the  beds  on  either  side  of  them  were 
altered  so  as  to  put  on  a  granitic  form. 

Contact  -  MatamorpIiiBin  by  Qranite. — We  have 
already  seen  how  rocks  in  contact  with  intrusive  igneouB 
masses  are  frequently  baked,  hardened,  and  otherwise 
altered  for  a  short  distance  from  the  plane  of  junction : 

i'ust  the  same  effect  has  been  produced  in  the  neighbour- 
.ood  of  Granite  masses. 
Thus  at  Grange  Irish,  in  the  Carlingford  Mountains,  in 
Ireland,  a  fine  grained  Homblendic  Granite  sends  veins  into 
beds  of  overljTng  Limestone  :  the  Limestone  is  converted 
into  a  bluish  sugaiy  marble  containing  garnets.  Here, 
too,  the  Limestone  has  reacted  on  the  Granite  itself,  and 
wrought  a  singular  change  in  its  com^iositiou. 
*  Zirkel,  Petrognpbie,  i.  £03. 
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Professor  Haugliton  gives  the  following  results  of  his 
analysis  of  the  Gfranite  ten  yards  from  the  point  where  it 
eomes  in  contact  with  the  Limestone : — 


Eqiiivalent  to 


Quartz     .    .    •    17*16  per  cent. 
Potash  Felspar .    67*18 
Hornblende  .    .    16*40 


»t 


» 


Bilica 71*41 

Alumina  ....  12*64 

Protoxide  of  Iron  •  4*76 

Ume 1*80 

Ifagneda     .    .    .  0*63 

Potadi     ....  6*47 

Soda 3*08 


The  dykes  which  proceed  from  this  rock  and  penetrate 
the  Limestone  are  found  to  have  the  following  composi- 
tion:— 

£q;aiTaIent  to 


Silica 47*52 

Alumina  ....  28*66 

Protoxide  of  Iron  .  7*23 

Lone 16*44 

Magnesia     .    .    .  1*48 


Anorthite  or 

Lime  Felspar.    86*84  per  cent. 
Hornblende  .    .     14*16 


»» 


Comparing  these  two  analyses  we  see  that  **  the  quantity 
of  Hornblende  remains  almost  unaltered,  and  that  the  effect 
of  the  addition  of  Limestone  to  the  melted  Gh*anite  has  been 
to  convert  the  Quartz  and  Orthodase  into  Anorthite.  In 
this  operation  the  alkalies  of  the  Orthoclase  have  disap- 
peared ;  the  Lime,  being  a  more  fixed  base  at  high  tem- 
perature, has  altogether  displaced  the  alkalies."* 

The  change  of  Limestone  into  crystalline  Marble  by  in- 
truded masses  of  Homblendic  Gh*anite  in  the  Island  of  8kye 
im  been  described  by  Professor  Geikie.f  Under  similar  dr- 
c^omstances  Clay  Slates  and  Sandstones  have  been  converted 
^3ito  Micaceous  Schists,  Ghieiss,  or  similar  foliated  rocks. 

We  must  recoUect  that  contact-metamorphism  is  not  in 

^^tself  a  proof  that  the  Granite  in  whose  neighbourhood  it 

^^^ccurs  was  necessarily  intrusive.    Alteration  around  a  mass 

i  Qranite  will  occur,  when  the  latter  has  been  produced  by 

melting  down  of  rocks  in  situ,  without  the  process 

-ving  gone  far  enough  to  give  rise  to  intrusive  behaviour. 

^t  in  the  latter  case  there  will  be  a  gradual  transition 

«wn  Gh^nite,  through  less  highly  altered  rocks,  to  beds 

^^te  xmchang^ :  "miere  (Granite  has  behaved  intrusively, 

"^^  will  be  a  more  or  less  marked  line  of  demarcation 

*^een  it  and  the  rock  it  invades. 


«  Qnart  Jonm.  Geol.  Soc.,  ziL  192—198. 
t  Ditto,  »v.  18. 
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The  Origin  of  Flntonio  and  Trappaan  Kocks. — Tt 

is  on  facts  8u<:h  an  tliose  just  diTn^ribcd  that  wo  must 
base  OUT  iipoculations  as  to  tlie  origin  of  Oranito  and  of  the 
Trappeiin  and  Plutonic  rocks  in  general.  We  have  already 
inentiuned  the  views  held  on  the  suhjent  by  two  opposite 
schools  of  geologiete ;  one  maintaining  tliat  all  Ciystalline 
roeka  have  been  derived  from  an  internal  permanently 
molten  reservoir,  while  the  othi^r  I)elieve»  that  some  at 
least  of  the  Crystalliue  rocks  have  been  formed  by  extreme 
metomorphism  of  Derivative  rocks. 

It  is  tuifortunato  that  those  who  have  taken  part  in  the 
controversy  have  looked,  in  many  cases,  only  at  a  part  of 
the  facts  on  which  the  solution  of  the  problem  depends.  A 
case  is  found  in  which  Granite  shows  every  sign  of  having 
been  forcibly  intruded  in  a  fused  state  into  the  beds  anion^ 
which  it  occurs,  and  the  observer  thereupon  jumpe  to  the 
oondueion  that  all  Granites  are  imiptivo.  Another  ob- 
server detects  Granite  under  circumstances  which  raise  the 
strongest  suspicion  that  it  has  been  formed  in  titu  by  in- 
tense motumorphism,  and  forthwith  refuses  to  believe  that 
it  has  ever  behaved  imiptively.  We  have  endeavoured  to 
avoid  those  one-sided  ways  of  reasoning  by  laying  before 
the  reader  instances  of  both  these  methods  of  occurrence ; 
and  now  the  question  arises,  JLife  theie  ttco  forms  hten  pro- 
duced hy  difrreitt  causes,  or  are  Ihey  only  the  retultt  of  different 
itagn  of  the  Mine  opfratwn  f 

There  can  scarcely  bo  a  doubt  that  bedded  Granite,  and 
the  bosses  of  Granite  that  replace  and  paas  gradually  into 
the  rocks  that  suiTound  thoiii,  have  been  formed  out  of 
Derivative  rocks  by  metamoqibic  action. 

The  process  by  which  the  thiiugo  was  effected  must  have 
consisted  in  a  sort  of  softening  and  loosening  of  tJie  partides 
_of  the  rock  to  an  extent  that  permitted  a  molecular  re- 
arraugenient  of  its  const  itutents.  In  the  case  of  the  first 
form  this  was  done  without  effacing  the  bedding;  the 
second  form  resembles  the  first  in  every  respect  except  that 
it  shoivB  no  traces  of  bedding,  and  it  is  therefore  reasonable 
to  suppose  that  it  is  merely  the  residt  of  a  more  advanced 
stage  of  the  same  process  that  gave  rise  to  the  first  form. 
Kow  it  is  perfectly  conceivable  that  the  very  same  process, 
if  carried  still  further,  mi^ht  work  still  more  imiwrlaat 
changes.  The  softening  might  go  on  till  the  rock  became 
actually  fused,  and  in  this  condition,  under  the  influence  of 
increased  heat  and  the  pressure  of  the  overljTug  beds,  it 
might  be  driven  forcibly  through  the  rocks  that  surround 
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it ;  thus  the  third  or  intrusive  form  of  Ghranite  would  be 
produced.* 

When  we  reflect  how  closely  all  these  forms  of  Granite 
agree  in  average  chemical  and  mineral  composition  and  in 
Hthological  character,  such  a  view  as  this  seems  d  priori 
more  probable  than  the  theoiy  which  would  compel  us  to 
draw  an  intrusive  form  of  the  rock  from  one  source  and 
&e  metamorphic  shape  of  it  from  another.  We  cannot 
deny  that  two  of  the  forms  of  Oranite  have  been  derived 
from  sedimentary  rocks  by  an  advanced  stage  of  the  same 
process  as  gave  rise  to  Gneiss,  Mica  Schist,  and  the  rest  of 
the  rocks  admitted  to  be  metamorphic,  and  a  still  further 
development  of  the  same  operation  seems  to  be  perfectly 
competent  to  give  us  the  third  form ;  and  it  certainly  looks 
more  reasonable  to  accept  this  explanation,  than  to  go 
out  of  our  way  to  derive  this  third  form  from  a  source  the 
veiy  existence  of  which  is,  as  we  shall  see  by-and-by, 
Bomewhat  problematicaL 

It  must  be  added  that  there  are  certain  peculiarities  in 
Granite  which  seem  to  show  that,  like  the  rest  of  the  Crys- 
talline rocks,  it  could  not  be  produced  by  the  action  of  heat 
alone.   When  Granitic  rocks  have  been  fused  artificially  and 
allowed  to  cool  slowly,  the  resulting  product  is  altogether 
different  from  the  original  rock,  tiiough  whether  this  is 
due  to  the  rate  of  cooling  not  having  been  slow  enough,  or 
the  pressure  not  having  been  great  enough,  or  to  what 
cause,  we  do  not  surely  know.     Again,  its  most  infusible 
i&ineral,  Quartz,  instead  of  having  been  the  first  to  crystallise, 
M  would  have  been  the  case  if  the  rock  had  been  the  re- 
mit of  fusion  pure  and  simple,  has  in  many  cases  been  the 
ls>t  to  solidify.     We  can  realise  how  this  may  have  come 
•Wt,  if  Granite  has  been  produced  by  what  has  been 
•l»«ady  described  as  hydrothermal  action,  f 
If  we  admit  in  its  entirety  the  doctrine  that  Granite  and 


*  For  one  case  where  intmsiye 
j'uiite  seems  to  have  been  pro- 
jjjjed  by  exccusive  metamor- 
P^tOy  Me  Quart.  Joum.  OeoL 
^ofLmdon,  xzviii.  105. 

t  DoTocher  has,  however,  at- 
^pted  to  show  by  a  most  in- 
ff^iVmi  line  of  reasoning  how 
Qoftrtz  might  retain  a  consider- 
»hk  degree  of  fluidity  or  plas- 
iidty  down  to  a  temperature  far 
htiow  its  freezing  point  daring 


the  cooling  of  a  molten  mass 
having  the  same  elementary  com- 
position as  Granite  (Ck)mpte8 
Rendus,  1846.  xx.  1275).  See 
also  Vernon  Harcourt,  Report  of 
Brit.  Assoc.,  1860,  p.  181 ;  Sorby 
on  Mount  Sorrel  Sienite,  Geol.  and 
Poly  tech.  Soc.  of  West  Riding 
of  Yorkshire,  May  28th,  1863  ; 
Scheerer,  Bull,  de  la  Soc.  Geol.  de 
France,  2nd  series,  iv.  479,  quoted 
by  Scrope,  Volcanoes,  p.  283. 
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the  other  Trappean  and  Platonic  rocks  had  a  metamorphic 
ori^n,  we  must  go  a  step  further  and  allow  that  laTSs^ 
which  are  only  the  subaerial  shape  of  these  roc^,  were 
produced  in  the  same  way.  We  thus,  by  a  long  train  of 
reasoning,  have  become  convinced  that  what  was  pointed 
out  as  probable  in  the  beginning  of  Chapter  YI.,  has  yeiy 
strong  evidence  indeed  in  its  favour,  and  that  in  all  likeli- 
hood all  Crystalline  rocks  are  the  result  of  intense  metamorpkism 
of  derivative  deposits. 

Objections  to  Metamorphio  Theory. — ^Those  geo- 
logists who  dispute  the  metamorphic  origin  of  Ghranite  seem 
to  rest  their  opposition  mainly  on  two  lines  of  argoment. 
They  say  that  the  composition  of  the  Crystalline  rocks  all 
the  world  over  is  so  uniform,  that  it  is  not  likely  that  they 
could  have  been  derived  from  beds  so  variable  as  they 
assert  the  Derivative  rocks  to  be ;  and  they  maintain  that 
there  is  no  Derivative  rock  which  agrees  in  chemical  compo- 
sition with  Granite. 

The  first  of  these  statements  is  certainly  not  strictly  tme ; 
and  if  it  were,  it  would  not  prove  the  point  it  is  intended  to 
establish.  Crystalline  rocks  are  far  from  observing  the  con- 
stancy in  mineral  and  chemical  composition  that  is  assigned 
to  them.  And  if  the  assertion  is  only  intended  to  be  taken  in 
a  wide  general  sense,  it  will  apply  equally  well  to  those  De- 
rivative rocks  from  which  the  metamorphic  theory  supposes 
Granite  to  be  derived.  Certain  Sandstones  looked  at  broadly 
are  quite  as  uniform  in  composition  as  any  Granite;  and 
therefore  there  is  no  ground  for  surprise  if,  when  these  Sand- 
stones are  metamorphosed,  the  products  also  are  very  much 
alike.     The  first  objection,  therefore,  falls  to  the  ground.* 

The  second  statement,  that  thero  aro  no  Derivatiye  rocks 
of  the  same  composition  as  Granite,  is  decidedly  open  to 
question.  Instances  to  the  contrary  might  be  multiplied 
without  limit,  but  one  example  must  suffice  here.  The  two 
analyses  given  below  are  taken  almost  at  random  from 
Zirkel:  (1)  shows  the  composition  of  a  Clay  Slate  from 
Prague ;  (2)  that  of  a  Ghramte  in  the  Carpathians. 

(«) 

69-31 

16*40 

3-06 


Silica  .... 
Alumina  .  •  •  • 
Lime.  •  •  •  . 
IVfagncsia  .  •  •  • 
Potash       .... 

Soda 

Oxide  of  Iron  and  Manganese 


(1) 
67-60 

16S9 

2*24 

3-67 

1*23 

211 

686 


0-83 
2-87 
8*29 
1-79 


•  bee  Allport,  QeoL  Mag.,  U.  188« 
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Tliere  can  be  no  difficulty,  as  far  as  chemical  composition 
in  beliering  that  the  constituents  of  the  first  rock 
iniglit  be  so  rearrange  as  to  ^ve  rise  to  something  Yerj 
like  the  second.  But  even  if  this  objection  were  weU 
founded,  it  would  not  be  fatal  to  the  metamorphic  theory ; 
lor,  since  water  plays  so  important  a  part  in  metamorphism, 
we  can  readily  conceive  that  any  ingredients  necessary  for 
ike  transformation  of  the  rock  into  its  new  shape  may 
luLTB  been  introduced  in  solution  either  during  or  after  the 
process  of  metamorphism. 

HiMigmiing  eriended  to  other  Plutonic  Bocks. — ^We 
liave  so  far  confined  ourselves  to  the  particidar  instance  of 
Granite,  but  all  our  arguments  apply  equally  well  to  the 
whole  body  of  the  Trappean  and  !rlutonic  rocks. 

In  the  £iBt  place  there  is  no  hard  line  separating  Qranite 
from  the  other  Acidic  members  of  those  classes.  In  illustra- 
tion of  this  it  will  be  enough  to  repeat  what  we  have  abready 
Baid  about  the  dose  alliance  between  Gh*anite  and  Felstone. 

The  Uthological  description  and  analysis  of  Gh*anite  show 
liow  closely  it  is  related  in  composition  to  the  more  highly 
sOicated  Felstones.  The  main  differences  between  them 
iie^ese.  In  texture,  the  Qranite  being  the  more  largely 
QTBialline  of  the  two ;  in  the  distribution  of  the  Quartz, 
whidi  in  Felstone  is  usually  so  uniformly  disseminated 
Uttobgh  the  rock  that  it  cannot  be  detected  by  the  eye, 
while  in  Chimite  it  occurs  in  lumps  large  enough  to  be 
easily  recognised;  in  the  presence  of  Mica,  whidi  occurs 
tardy  in  Felstone,  but  is  universally  found  in  Granite. 

All  these  differences,  however,  are  such  as  might  well 
characterise  two  portions  of  the  same  molten  mass  which 
oooled  under  different  circumstances;  and  they  confirm 
the  condusions  ab*eady  arrived  at,  that  the  Granite  pro- 
duced by  fusion  consolidated  imder  the  pressure  due  to  great 
depths  below  the  surface,  where  the  escape  of  heat  would 
l>e  very  gradual,  and  where  the  consequent  slow  cooling 
•Bowed  of  the  formation  of  a  largely  crystalline  texture 
^d  a  more  complete  separation  of  the  constituent  minerals. 

We  do  find  in  Granite  veins,  and  on  the  edges  of  Granite 
inasses,  where  cooling  must  have  gone  on  more  rapidly 
than  in  the  body  of  the  rock,  passages  between  Granite 
and  Felstone :  the  Ghranite  loses  its  Mica  and  passes  into  a 
Tock  known  as  Elvanite,  and  this  again  shades  off  into  a 
lock  indistinguishable  from  compact  Felstone.* 

Not  are  our  condusions  confined  to  Addic  Hocks.  De- 
*  See  the  paper  of  Dnrocher's  quoted  on  p.  322. 
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taDs  of  one  case  wbere  Basic  aa  well  as  Acidic  Trappean 
rocks  seem  to  have  proceeded  from  tlio  metomori^iiBiii  of 
lierivativo  rocka  have  been  given  on  p.  296-  The  cob- 
clusiona  there  arrived  at  have  been  confirmed  hy  othar 
obeorvationa  in  the  same  district.  Thus  Frafesdor  Geikie 
tells  us  of  an  intrusive  sheet  of  a  rock,  ivhicb  can  be  classed  | 
as  Diorite,  among  the  altered  rooks  of  the  Southern  Upland* 
of  Scotland,  but  which,  in  spite  of  ils  Trappean  character, 
is  foitnd  in  the  space  of  a  few  yards  to  pass  into  a  ra.'k 
which  does  not  tufler  in  (jeneral  aspect  from  beds  wliicli 
ore  undoubtedly  raetamoriihosed  Felepathic  Sandstones.* 
And  he  mentions  that,  while  some  of  the  stratified  rocks, 
probably  originally  more  quartzoee,  have  been  chang«d 
into  Griinite,  others,  which  were  probably  more  felspatlio 
and  argillaceous,  have  been  altered  into  various  Porphynes 
and  Korites.t 

Summary  and  Conclnaiona.— "We  have  nr>w  for  ihe 
space  of  eight  chapters  been  plodding  through  dry  desciip- 
tions  of  various  kinds  of  rocks,  and  explanations,  eom*  in 
the  highest  degree  probable,  others  involving  more  or  .ess 
of  speculation,  of  the  ways  in  which  these  rocks  vere 
originally  formed  and  have  been  subsequently  modified  A 
stone  is  no  longer  to  ua  a  atone  and  nothing  more  ;  erery 
stono  carries  with  it  a  story,  and  the  experience  wo  have 
gained  enables  us  to  decipher  for  each  individual  etone, 
witli  more  or  less  of  certainty,  the  characters  in  whici  that 
story  ia  written,  and  tranalate  it  into  our  own  tongue.  But 
so  fur  we  have  done  httle  more  than  relate  so  many 
detached  incidents  in  the  history  of  the  formation  *f  the 
earth's  crust,  httle  more  than  collect  a  bundle  of  hisxirical 
anecdotes,  such  as  is  put  into  the  hands  of  childien  to 
awaken  in  their  minds  an  interest  for  historical  reiding, 
and  lead  them  up  to  the  study  of  history  itself.  The 
question  arises,  is  our  geological  knowledge  as  yd;  suf- 
ficient to  enable  us  to  do  anything  further  than  gaiher  a 
budget  of  geological  tales  ?  Do  the  isolated  facts  we  have 
been  reviewing  naturally  lend  themselves  to  a  conrected 
narrative  ?  Can  we  ascend  from  them  to  broad  general 
■views,  and  frame  out  of  them  something  deserving  the 
name  of  a  history  of  a  portion  at  least  of  the  lifetime  of  the 
earth  on  which  we  live  ?  If  it  seema  likely  that  we  can, 
we  shall  do  well  boldly  to  make  the  attempt.     For  the 

•  Memoitiof  the  GboI.  Survey  t  Ditto,  Explanation  of  sbeet 

of  Scolland,  ExplanatioD  of  theet      IS,  par.  3A. 
3,  pu.  20. 
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^^Sstorj  of  every  science  shows  that,  if  generalisations  are 
ixiade  in  a  truly  cautions  and  philosophical  spirit,  and  when 
Xtecessarj,  looked  upon  as  merely  proyisional  working  hypo- 
ttieses,  the  gain  that  f oUows  from  them  is  immense ;  nay  more, 
^liat  if  they  are  not  made  when  the  right  time  for  making 
Uiezn  has  arrived,  the  loss  that  results  is  still  greater.     Not 
only   do  well>grounded  hypotheses  serve  as   a  string  on 
'vrhicli  to  hang  our  facts,  where  they  can  swing  in  full  view 
and  be  readily  got  at  when  wanted,  but  they  also  point  out 
tlie  direction  we  must  go  in  if  we  wish  to  add  to  our  collection. 
And   in  the  opinion  of  many  eminent  thinkers  the  time  is 
ripe    for  some  degree  of  generalisation  in  Geology.     It 
matters  not  that  many  pages  of  the  geological  record  are 
80  blurred  and  blotted  that  we  can  only  grope  our  way 
stomblingly  through  them ;   that  many  can  be  read  in 
several  oifferent  ways,  so  that  the  interpretations  of  them 
are  ahnost  as  numerous  as  the  interpreters ;  that  many  are 
altogether  blank,  and  many  torn  out  and  gone  for  ever.  We 
take  heart,  when  we  find  very  many  written  in  characters 
which  cannot  be  misunderstood,  and  find  too  that  the  pages 
we  can  read  are  numerous  enough  to  justify  us  in  attempt- 
ing conjectural  restorations  or  emendations  of  those  which 
are  lost  or  corrupt. 

The  hypothesis  by  which  we  propose  to  endeavour  to 
connect  together  the  isolated  facts  that  have  been  laid 
before  the  reader  has  been  pretty  clearly  hinted  at  several 
times  over  in  the  last  three  chapters.  We  will  now  put  it  in 
a  formal  shape,  with  the  caution  that,  though  it  has  for 
some  time  been  finding  its  way  more  and  more  into  favour, 
it  must  still  be  looked  upon  as  no  more  than  a  probable 
speculation. 

We  have  found  that  Granite  occurs  under  three  forms. 
pnder  the  first  form  it  still  retains  traces  of  bedding  or  is 
u^terstratified  with  undoubtedly  bedded  rocks  ;  here  there 
<^Bii  be  little  doubt  that  it  is  an  intensely  metamorphosed 
'^k.  Under  the  second  form  Granite  occurs  in  amorphous 
"^^aases,  which  melt  away  insensibly  on  all  sides  into 
^J^tered  strata,  show  no  signs  of  having  burst  violently 
"Plough  the  adjoining  beds,  but  look  as  if  they  filled  up 
•paces  once  occupied  by  rocks  similar  to  those  that  surround 
^©m.  Such  appearances  are  best  explained  by  supposing 
^*t  portions  of  the  rock-mass,  in  the  heart  of  whidi  these 
"^sses  occur,  have  been  altered  into  Granite,  the  metamor- 
F^ism  having  been  more  intense  than  that  which  produced 
^  first  form  of  the  rock  because  the  bedding  is  effaced,  but 
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vet  not  energetic  enough  to  cause  the  Granite  to  1)ehATe 
irruptively.  Under  its  third  form  Qranite  gives  proof  (rf 
having  been  forcibly  intruded  into  the  rocks  among  whidi 
it  occurs,  and  its  irruptive  behaviour  may  reasonaUjbe  \^\^ 
attributed  to  an  increased  de^e  of  energy  in  the  meta-  1;^  ^ 
morphic  process  which  gave  rise  to  it.  "^  ' 

There  is  reason,  then,  to  believe  that  these  three  fonsBO^ 
Granite  have  not  been  produced  by  different  causes,  ^ 
are  the  results  of  three  successive  stages  of  the  safi^®        %^^ 
process ;  and  now  that  we  seem  to  have  seen  our  way  ^ 
three  links  in  a  chain  of  operations,  we  are  led  on  ^ 
inquire  whether  any  others  of  the  geological  processes  '^ 
have  become  acquainted  with  may  not  belong  to  the  m^^"^ 
series,  and  to  try  and  assign  to  them  their  proper  pLa^^ 
in  it.  ^  ^ 

Now  the  metamorphism  which  produced  bedded  Qraii^^  vp 
differs  in  all  probability  from  that  which  gave  rise        ^ 
Ghieiss  and  less  highly  altered  products,  only  in  intenat^^^^ 
On  the  one  side,  then,  we  have  a  passage  from  the  bedd^^^g 
form  of  Granite  through  Gneiss  and  other  Metamorph^-^^^ 
rocks  into  the  Derivative  rocks,  out  of  which  the  L  "  ^"^^ 
were  produced.    Here,  then,  we  seem  to  have  an 
broken  chain  linking  on  Derivative  rocks  to  one  form 
Granite. 

Looking  in  the  other  direction,  the  bedded  Gbanites 
through  the  second  form  of  that  rock  into  Ghranites  wl 
have  been  shifted  from  the  spot  where  they  were  meta 
morphosed  and  driven  violently  into  rents  and  fissures, 
such  openings  fail  to  reach  the  surface,  the  imected  masor*'  -  i 
harden  under  pressure,  and  give  rise  to  Trappean  ^^^^-^^^a 
Plutonic  products.  The  passage,  for  instance,  that  ha^-""^^ 
frequently  been  observed  between  intrusive  GJranit^^^ 
through  Elvanite  into  compact  Felstone  (PetrQBilex)^  ^-  '\ 
shows  one  case  of  a  Trappean  rock  which  is  nothing  buf 
Ghranite  modified  by  the  circumstances  under  which 
cooled.  But  if  Gh'soiite  should  be  injected  into  a  veal 
opening  above  groimd,  we  can  scarcely  doubt  that 
portion  of  it  which  hardened  under  ordinary  atmospheric 
pressure  would  take  the  form  of  Trachyte. 

On  this  side,  then.  Granite  is  connected  with  one  of  the 
commonest  forms  both  of  the  deep-seated  and  subaeiial 
crystalline  rocks. 

The  complete  chain  of  operations,  then,  would  seem  to  be 
as  follows.  First,  Derivative  rocks  are  formed  by  the  wear 
and  tear  of  crystalline  strata.    Certain  of  these  Derivative 
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xocks,  oommg  within  the  range  of  metamorphio  action, 
pass  through  yarious  stages  of  metamorphism  into  Gneiss, 
cmd  thence  into  the  three  successive  forms  of  Granite.  By 
'the  final  step  an  intrusive  product  is  obtained,  which,  if  it 
liarden  under  pressure,  takes  the  form  of  a  Plutonic  or 
Q^ppean  rock  of  Acidic  composition,  such  as  Granite,  Elva- 
nite,  or  compact  Felstone ;  but  if  it  be  ejected  on  to  the 
surface,  hardens  into  an  acidic  lava,  such  as  Trachyte.  And 
ao,  in  the  end,  we  come  back  to  the  Crystalline  rocks  with 
^which  we  started.* 

Granite  has  been  selected  as  a  particular  instance  for 
illustrating  this  great  cycle  of  changes,  but  the  line  of 
reasoning  ap^es  equally  well  to  aU  the  members  of  the 
Plutonic  and  Trappean  classes  of  rocks. 

Deriyatiye  rocks  of  suitable  composition  are  capable, 
when  subjected  to  the  same  process,  of  giving  nse  to 
Basic  and  other  varieties  both  of  deep-seated  and  subaerial 
Crystalline  rocks. 

If  the  h3rpothesis  just  explained  be  true,  we  might 
expect  to  fina  that  periods  of  great  metamorphism  would 
be  also  periods  of  great  volcanic  activity.  Professor  Geikie 
hes  pointed  out  one  instance  in  which  this  has  certainly 
been  the  case;f  and  he  has  sus^gested  a  very  probable 
reason  for  this  connection,  which  we  shall  have  to  con- 
sider when  we  come  to  inquire  into  the  cause  of  volcanic 
energy. 

An  attempt  has  been  made  to  present  to  the  eye  a  dia- 
grammatic representation  of  the  round  of  changes  froih 
JL>eriyative  to  the  different  forms  of  Metamorphic  and 
^^neous  rocks  in  Fig.  54. 

On  the  right,  widespread  regional  metamorphism  is  going 
on.  over  a  large  area,  the  action  increasing  in  intensity  from 
1^^  to  right.  On  approaching  this  tract  the  bedded  rocks 
Srtuiually  put  on  metamorphic  forms,  and  shade  off  into 
Gneiss  and  bedded  Granite ;  as  we  get  more  into  the  heart 
of  the  metamorphic  region,  the  latter  passes  into  molten 
^^■xiorphous  Granite.  The  beginning  of  the  change,  and 
^L«  final  passage  into  Granite,  take  place  at  a  greater 
^^■^^srtance  from  the  metamorphic  centre  in  some  beds  than  in 


^  See  the  f>aper  of  Mr.  Judd's,  moin   of   the    Geol.   Survey  of 

^^V^eady  referred  to,  on  the  Se-  Scotland),  p.   33;  Ramsay,   Ad- 

^^^dary  Rocks  of  Scotland.  Quart.  dress  to  G^l.  Section  of  British 

J^^nn.  Geol.  8oc.,xxx.  233—237,  Association,  1866. 

f^^— 296;  A.  Geikie,  The  Geo-  f  Transactions  Edinburgh  GeoL 

*^^  of  £Mt  Berwickshire  (Me-  Soc.,  iL  287. 
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others,  those  first  affected  being  more  susceptible  of  meta- 
znorphic  influence  than  the  strata  above  and  below  them. 
In  uiis  way  we  get  along  the  margin  of  the  metamorphic 
region  beds  of  Granite  interstratified  with  crystalline  Schists. 
Still  further  to  the  right,  where  the  metamorphic  energy 
lias  reached  its  maximum,  portions  of  the  fused  Gramte 
liave  been  injected  into  the  overlying  rocks.  Some  of  the 
rents  do  not  reach  the  surface,  and  the  matter  that  hardens 
in  them  gives  rise  to  intrusive  Plutonic  or  Trappean  pro- 
ducts ;  two  other  rents  do  reach  the  surface,  and  the  por- 
tions of  the  fused  mass  that  are  forced  up  through  them 
flow'  out  and  harden  into  lavas,  some  of  which  are  poured 
out  on  land,  and  others,  streaming  over  the  sea-bed,  become 
interstratifled  with  the  derivative  deposits  that  are  being 
laid  down  beneath  the  water. 

To  the  left  is  a  centre  of  local  metamorphism,  aroimd 
which  portions  of  the  Derivative  rocks  are  converted  into 
Granite ;  here,  owing  to  the  smaller  intensity  of  the  meta- 
morphism, none  of  the  molten  matter  has  behaved  intru- 
siTely ;  the  irregularities  in  outline  of  the  Ghranite  masses 
are  not  caused  by  intrusion  of  that  rock,  but  are  due  to  the 
fact  that  some  beds  are  more  readily  metamorphosed  and 
converted  into  Granite  than  others,  and  accordingly  the 
process  of  change  has  spread  further  into  them  than  into 
the  strata  less  open  to  alteration.  A  belt  of  altered  rock 
fringe  this  mass,  and  also  the  Gramte  dykes  to  the  right ; 
but  it  will  be  noted  that  this  is  much  narrower  than  the 
broad  band  of  altered  rock  which  abuts  against  the  tract 
of  regional  metamorphism. 

Classification  of  the  Crystalline  Bocks  based  on 

tile    Xetamorphic  Theory. —  In  the  case  of  the  Non- 

Oi-ystaUine  rocks,  all  our  attempts  to  classify  them  in  a 

^^irtisfactory  manner  failed  so  long  as  we  neglected  to  take 

ttito  account  the  way  in  which  they  were  formed.     But  as 

®oon  as  we  were  able  to  show  that  they  had  all  arisen 

^iirectly  or  indirectly  from  denudation,  we  saw  our  way  at 

ice  to  a  comprehensive  and  natural  scheme  of  grouping, 

'^liich  under  various  hands  might  assume  various  forms  as 

as  details  go,  but  in  general  outline  would  resemble  the 

^^^■^rangement  attempted  on  page  181. 

-  ^     Jn  the  same  way,  when  we  came  to  deal  with  the  Crystal- 

^^Xe  rocks,  we  found  the  ordinary  classification  of   them 

^^^ective  and  often  inconsistent,  because  it  failed  to  pay 

ion  to  the  method  of  their  origin.     But  if  we  can 

^«w  that  the  Crystalline  rocks  all  owe  their  existence 
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ultimately  to  a  oommon  cauee,  or  if  y^e  oould  Bnbdiride 
th&a  into  a  number  of  groups  in  each  of  whicli  all  the 
membere  had  a  cominou  origin,  we  should  then  begin  to 
have  hopes  that  Hmy  too  might  be  brought  under  a 
natural  nnd  consistent  arrangement. 

It  ia  hardly  yet  time  to  assert,  that  the  theory  -whitii 
refers  all  Crystalline  rocks  to  varioiis  stages  of  meta- 
morpliism,  is  securely  establlBhed ;  but  the  probability  of 
this  view  ultimately  turning  out  to  be  correct  ts  so  great, 
that  it  IB  worth  while  trying  what  sort  of  a  daesification  it 
would  lead  to,  if  it  were  true. 

Now  there  are  throe  thingH  we  want  to  leam  about  a 
rock,  if  our  knowledge  of  it  is  to  be  complete  : — 
let.  The  way  in  which  it  was  produced. 
2nd.  The  petrological  manner  of  its  occuixenco. 
3rd,  Its  mineral  compogition. 
In  the  case  of  the  Crystalline  rocks  the  answer  to  the  first 
question  resolves  itself,  according  to  our  present  views, 
into  a  statement  of  the  degree  of  metamorphism  each  rock 
has  undergone,  and  under  this  head  we  can  distinguish 
three  stages. 

let  Stage,  in  which  some  traces  of  the  originally  bedded 
character  of  the  rock  still  remain.  The  rocks  of  this  stage 
may  be  called  METAMORrnic,  and  divided  into  Non-FoIiaUd 
and  FoliaUd. 

2nd  Stage,  when  the  bedding  has  been  entirely  effaced 
and  a  cr)-8talline  amorphous  mass  produced,  hut  the  product 
does  not  behave  intrusively.  These  rocks  may  be  called  Non- 
liTTRTrsrvE-  Plutonic  . 

3rd  Stage,  a  further  advance  on  the  last,  by  which  the 
crystalline  products  have  been  enabled  to  burst  through  fke 
surrounding  rochs.  Under  this  bead  there  are  two  sub- 
divisions. The  first  includes  those  portions  of  the  intrusive 
moss  which  never  reach  the  surface,  and  harden  under 
pressure.  These  may  be  distinguished  as  Ihteustte- 
Plltonic,  or  iRBUrTiv^.  The  second  subdivision  takes 
in  tlie  rocks  which  burst  out  on  to  the  surface  and  form 
subai^rial  or  submarine  flows.  These  may  be  styled 
EaumvE. 

Our  next  care  will  be  to  specify  the  petrolopcal  form 
under  which  each  rock  presents  itself ;  and  the  principal 
petrological  forms  under  which  Crystalline  rocks  occur,  are 
— Beds,  i.e.  true  strata,  Masses,  Dykes,  Veins,  Necks,  In- 
trusive Sheets,  and  Contemporaneous  Sheets  or  Flows. 
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Laatfy,  the  mineralogical  composition  may  be  denoted 
hj  an  adjectiTe,  such  as  QxanitiCy  Dioritic,  Basaltic,  and 
won. 

The  general  scheme,  then,  will  stand  as  under : — 

GxNK&AL  Classification  of  CBTSTALLiini  Booi.a. 


Hethod  of  Fonnatioiu 


Mode  of     > 
Occarrenoe. 


A^HlTAMOBPBIC 


B-— Kwr-lKTBTTSIVBPuJTOiaC 


C— lui 


l^'^EkuFTin 


More     or 
less  dis- 
tinctly 
bedded 


Prixusipttl 
HineFBlogiaal  Yaxi&tlm, 


i 


( 


]&Ias8e8 


!  Masses 
Djkes 
Veins 
Sheets 

(Flows 
Necks 
Dykes 


/ 


1^ 

I 


QnartsiteJ'oroellaiuta^ 
Crystalline  Lime* 
stone,  some  Granitie 
rocks. 


S  I  Schists,  Gneiss,  Chtu 
A  I     nitic  Gneiss. 

{Felsitic,    Dioritic,     Gra- 
nitic, Syenitic,  &c« 

S  Felsitic,  Trachytic,  Ba«> 
saltic,  l>oleritic,  kc; 
some  Granitic,  Syeni- 
tic, Dioritic,  and  Schis* 
tose  rocks. 

{Felsitic,    Trachytic,   Ba- 
saltic, Doleriiic,  &c. 


.  The  terminology  of  the  first  column  of  the  above  table 
^  by  no  means  all  that  could  be  wished  for.     The  restric- 
tion of  the  term  Metamorphic  to  one  class  of  a  body  of 
'^ks,  the  whole  of  which  are,  according  to  our  statement, 
^  metamorphic  origin,  is  undesirable,  and  Non-Intrusivb 
**\itomc  is  the  reverse  of  elegant.     But  it  will  be  time 
^ough  to  set  about  coining  new  terms  when  it  is  seen 
^l^emer  the  scheme  now  put  forward  tentatively  meets 
^^th  approval     Till  then,  it  seemed  better  to  adopt  terms 
^^J^eady  in  use,  even  though  they  are  employed  in  a  sense 
*^ifihtly  different  from  their  common  acceptation. 
.      ^n  application  to  one  or  two  actual  instances  will  per- 
^^j»  make  the  above  scheme    more  intelligible.      The 
^^^^■'Btified  GFranites  of  Donegal  will  according  to  it  be  de- 
*^^^bed  as   Granitie  Metamorphic  Beds.     The  Granite  ol 
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Priestlaw  will  l>e  a   Grtmitie  Non-Mrvnte-FMimic 
The  GranitM  of  Devon    and  Cornwall  will   be 
Irrvptire  Matte*.     In  Arthur's  Seat  the  IntniBiTe 
Trap  will    be  SoUritic  Jrmptin  Sheet*:  tbe  interbedded 
Traps,  DaWitio  Eruptk*  Floict,  or  eimply  Doltritie  Flowt; 
the  rock  of  the  eiunmit  a  BataJtie  £ru/ifiV«  Neek,  or  aimply 
a  Bataitit  Ntek.     Kecks  and  Flows  being  necessarily  Erup- 
Msa,  the  adjectire  in  their  case  may  be  dropped. 


«i>  Matt.  ^^H 
'  Grimitie  ^^H 
Sheets  of       ^^\ 


OHAPTEEIX. 

SOW  THS  ItOOKS  CAMB  INTO  THB  POSITIONS  IN 
WRICK  WB  NOW  FIND  TSBM. 


**  They  Are  nuied  for  erer  and  erer 
And  sink  again  Into  deep." 

TnnmoN. 

SECTION  L— NATURE  OF  THE  DISPLACEMENTS  WHICH 

BOCKS  HAVE  UNDERGONE. 

rhaye  now  learned  the  ways  in  which  the  different 
kinds  of  rocks  composing  the  earth's  crust  were 
fanned,  and  the  modifications  of  structure  which  some  of 
them  haye  undergone  since  their  formation  ;  our  next  step 
win  be  to  inquire  into  the  changes  of  position  they  have 
■offered,  and  now  these  changes  were  brought  about. 

Usplacaments  whieli  Submarine  Beds  have  8iif- 
tetd. — ^A  large  number  of  the  rocks  of  the  earth's  crust 
were  originally  formed  in  approximately  horizontal  beds  at 
the  bottom  of  the  sea,  but  this  is  not  Uie  position  we  now 
find  many  of  them  in.  They  haye  frequently  undergone 
two  yery  important  displacements. 

first,  they  haye  been  raised  hi^h  and  dry  into  the  air, 
M>Di6timeB  eyen  up  to  the  simmuts  of  lofty  mountains ; 
i^OQudly,  the  beds  mto  which  they  are  diyided  are  no  longer 
horizontal,  but  inclined  to  the  horizon  at  all  angles  from 
^  gentlest  slope  up  to  becoming  absolutely  yertical,  ofton- 
^68  bent  into  broad  folds  or  puckered  up  into  the  sharpest 
''^  most  complicated  curyes,  in  some  cases  eyen  turned 
^^,  so  that  me  stratum  originally  at  the  bottom  is  now 
^9pQnnoet 

It  will  conduce  to  clearness  of  ideas  if  for  the  present  we 
^^^der  these  two  displacements,  the  upward  rise  of  the 
r^^  and  the  displacement  of  them  from  their  originally 
^^^^icontal  position,  aa  separato  facts ;  but  we  shall  see  in 


SECTION  II.— VERTICAL  ELEVATION. 

Two  possible  Explanationa  of  ElevatioB.  —  The 
prceence  of  beds,  which  were  formed  heneath  the  sea  at 
difierent  heights  above  its  preeent  level,  may  be  account*^ 
for  ia  two  ways.  Either  the  sea  haa  shrunk  and  had  its 
level  lowered,  or  tracts  which  were  once  beneath  its  waten 
have  been  raided  into  dry  land,  other  tracts  being  depr^eeed 
to  form  receptacles  for  the  water  thus  displaced. 

Argiuneiits  gainst  a  3^weriug  of  the  Sea-lereL 
— Thore  are  many  insuperable  difficulties  in  the  way  of 
accepting  the  first  explanation.  According  to  it,  the  ocean 
must  have  stood  in  Bome  oaaes  upwards  of  ten  thousand 
feet  above  its  present  level,  and,  as  a  rise  in  the  sea-level 
must  bo  iiniv("r.4ul,  the'  wluili>  of  tbo  globe  nuist  have  bi'fn 
submerged  to  this  depth.  Here  we  are  at  once  met  by  the 
difficulty  of  getting  rid  of  ao  enormous  a  bulk  of  water,  a 
difficulty  which  is  very  much  increased  by  the  faot  that 
Geology  shows  that  the  relative  level  of  the  eea  and  land 
has  osinUatod  upwards  and  downwards  over  and  over  again ; 
80  that  we  have  not  a  general  decrease  in  the  waters  of  the 
ocean  to  account  for,  but  countless  repetitions  of  alternate 
swelling  and  shrinking. 

Further,  to  take  a  particular  instance,  marine  strata, 
belonging  to  what  is  known  as  the  Nummulitic  formation, 
are  found  in  the  Alps  and  other  mountains  at  a  neater 
height  than  that  just  named ;  if  the  eea  ever  reached  up  to 
the  level  where  they  now  occur,  nearly  the  whole  earth 
must  have  been  under  water,  and  nothing  would  have  been 
left  in  the  shape  of  dry  land  but  a  few  islands  formed  by 
the  peaks  of  the  highest  mountains.  But  in  France  and 
England  there  are  Lstuarine  and  Lacustrine  deposits  con- 
taining the  remains  of  land  animals,  of  the  same  age  as 
the  Nummulitic  beds,  and  this  shows  that  at  the  time  when 
the  latter  were  being  formed  extensive  tracts  of  land  existed 
at  no  great  distance  from  the  spot  where  they  attain  so 
great  an  elevation.  It  is  evidently  impossible  that  the  sea- 
fevel  should  have  retained  its  present  position  in  England 
and  France,  and  at  the  same  time  stood  so  much  higher  in 
Switzerland.  Besides,  the  very  existence  of  Derivative 
rocks  requires  land,  from  the  waste  of  which  the  materials 
necessary  for  their  formation  may  be  derived.     But  where 
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dudl  we  find  land  enough  if  the  whole  globe  was  enb- 
merged  to  these  great  depths  ? 

Again,  the  hypothesis  of  the  lowering  of  the  sea  explains 
only  one-half  of  the  facts  we  have  to  account  for;  no 
alteration  in  the  depth  of  the  ocean  will  tilt  beds  originally 
horizontal,  or  fold  and  contort  them. 

Tha  LM&d  lias  gone  up,  not  the  Sea  gone  down. — For 
these  and  other  similar  reasons  we  cannot  allow  of  the  poe- 
dbility  of  such  oscillations  in  the  sea-leyel  as  are  reqiiired 
by  the  first  explanation,  and  are  driven  to  attribute  the 
oecunrence  of  marine  beds  in  inland  and  lofty  situations  to 
in  elevation  of  the  sea-bed,  by  which  tracts  once  below  its 
waters  have  been  upraised  and  turned  into  dry  land.* 

Denudation  gives  Proof  of  Elevation. — The  pheno- 
mena of  denudation  point  to  the  same  conclusion.     The 
-wear  and  tear  of  the  land,  which  is  eveiywhere  going  on 
.slowly  but  without  ceasing,  if  it  had  been  allowed  &ee  play 
^without  any  coimteracting  influence,  must  long  ago  have 
^rwept  away  everything  exposed  to  its  action,  and  have  re- 
duced the  land  to  a  dead  flat  but  little  raised  above  the 
«ea-leveL 

This  has  not  happened,  and  there  must  have  been  there- 
fore some  antagonistic  force  at  work  to  coimteract  the  level- 
ling tendency  of  denudation.  Just  what  we  want  would  be 
supplied  bv  forces  of  elevation,  which  from  time  to  time 
saised  sea  bottoms  into  dry  land,  and  so  formed  new  con- 
'ftinents  to  take  place  of  those  which  had  been  worn  down 
^\ij  denudation. 

Xaetanoee  of  observed  Oscillation  of  Land. — Con- 
si|ieration8  such  as  these  would  be  quite  enough  to  con- 
'nnoe  us  that  changes  in  the  relative  level  of  the  land  and 
Ma  have  occurred,  and  have  been  produced  by  movements 
<rf  the  solid  crust,  and  not  by  an  alteration  in  the  bulk  of 
the  ocean,  even  if  no  oases  of  such  movement  had  actually 
come  under  observation.  Our  position  will,  however,  be 
d  the  stronger  if  we  can  point  to  actual  instances  where 
morements  of  the  land  have  been  observed,  and  this  we 
ftitanately  can  do. 

The  well-known  case  of  the  Temple  of  Serapis,  at  Puz- 
noli,  near  Naples,  shows  that  within  the  historic  period 
tbe^Kit  where  it  stands  was  once  beneath  the  sea;  was 
ifterwards  upraised  and  became  the  site  of  a  temple  older 
than  the  one  whose  remains  are  now  stcmding ;  was  pos- 
liMy  again  submerged  and  again  upraised  before  the  biuld- 
*  ne  whol«  question  ii  lucidly  treated  by  Playfiur,  AVorki,  L  432. 
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iQg  of  the  present  niin ;  wk  asain.  let  dowa  till  the  sea 
rose  at  least  aome  twenty  feet  above  the  pavement  of  the 
temple )  was  aKain  raised  into  diy  laud,  and  ia  now  slowly 
eiiilaag  again. 

Theo  again  we  have  the  case  of  the  BcflndinanBn 
peninsula,  where  there  is  good  reason  to  believe  that 
within  the  meaaorj  of  man  ttie  northern  part  of  the  coun- 
try hss  been  rieing,  perhaps  at  the  rate  of  tvo  or  three 
feet  in  a  century;  that  the  movement  lessens  as  we  go 
southwards  till  about  Stockholm  the  land  is  etationaij; 
and  that  still  further  sonth  motion  is  goin^  on  in  the 
opposite  direction  and  the  land  is  slowly  siuldDg.'t  It 
will  be  seen  how  a  case  like  this,  and  it  is  not  an  isolated 
one,  effectually  disposes  of  any  attempt  to  explain  the 
phenomena  we  are  considering  by  a  lowering  of  the  aea- 

We  have  distinct  proofs  of  oscillationB  of  level  in  oux 
own  uouutry  ut  mi  vry  ilisl.aiit  pi'riod.  Evi'ry  bore  and 
thtTo  nnind  thu  n.irtlLi;i-ii  jiart  of  the  island  wu  tind,  ut  a 
height  of  from  twenty  to  thirty  feet  above  the  present  mean- 
tide  level,  a  flat  terrace  stretching  inland  for  a  distance 
varying  from  a  few  yards  to  several  miles,  and  bounded 
on  the  landward  side  by  a  line  of  blufFs,  bearing  a  strong  re- 
«emblance  to  a  sea-cliS.  The  subsoil  of  this  terrace  consists 
of  Sand,  Silt,  and  Shingle,  occasionally  enclosing  shells  and 
other  marine  remains,  and  in  some  cases  human  imple- 
ments and  canoes.  This  terrace  is  evidently  an  old  sea- 
beach,  and  shows  that  the  land  at  one  time  etood  some 
twenty  or  thirty  feet  lower  than  it  does  now,  and  remained 
in  that  position  long  enough  to  give  the  sea  time  to  cut 
a  notch  in  the  solid  rock  as  a  record  of  its  former  level,  and 
to  strew  the  floor  of  that  notch  with  shore  deposits.  In  the 
elevation  that  followed  the  land  was  raised  to  a  greater 
height  than  at  present,  for  we  constantly  find  stretching 
out  below  the  sea  the  remains  of  buried  forests,  the  trees 
of  which  not  only  grew  on  dry  land,  but  could  have  attained 
their  size  and  luxuriance  only  in  situations  suf^ciently  far 
inland  to  be  removed  from  the  bhghting  influence  of  sea 
breezes.  We  have,  therefore,  evidence  of  a  time  when  the 
land  was  lower  than  now,  of  a  subsequent  upheaval 
which  raised  it  above  its  present  level,  and  in  fact  pro- 
bably connected  it  with  the  continent  of  Europe,  and  after- 
_  *  For  details,  Be«  Lyell's  Prm-  t  Lyell'*   PiincipUB,   voL    ii. 

dplea,  *d1.  ii.  ohap.  ui. ;  Uiuwt      chftp.  xxxi. 
Journ.  a«oL  602.,  iiL  ise. 
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wttds  of  A  depresrfon  which  produced  its  present  insular 
•ondition.* 

Bmhmmrgmniom  pvodnoed  bj  a  Polar  Zoacap. — ^There 
IS  one  possible  means  by  which  a  change  might  have  been 
pcoduoed  in  the  position  of  the  sea-level  without  any  move- 
mont  oa  the  pact  of  the  land,  that  ought  not  to  be  passed 


We  have  evidence  that  there  have  been  times  when  the 
dimate  of  the  polar  and  temperate  regions  became  far 
more  severe  than  at  present,  and  it  seems  likely  that 
tliese  cold  periods  shifted  from  one  hemisphere  to  the 
other  perhaps  several  times  over  during  a  long  lapse  of 
yean.  It  has  been  supposed,  that,  in  consequence  of  this, 
enomuras  -accumulations  of  ice  gathered,  now  roimd  the 
noiihem  and  now  roimd  the  soumem  polar  regions,  which 
readied  down  far  into  the  temperate  zones.  Should  such 
Cips  of  ice  ever  form  aroimd  the  poles,  their  attraction  would 
tend  to  draw  the  water  of  the  ocean  towards  the  pole  aroimd 
which  they  were  placed,  and  so  raise  the  ocean  level  in  the 
soResponding  hemisphere. 

There  is,  however,  considerable  doubt  whether  this  cause 

has  ever  really  been  in  action.    That  there  have  been  these 

j^eriods  of  intense  cold  is  beyond  question ;  but  there  is  no 

^ifidence  to  show  that  there  ever  was  a  continuous  cap  of 

3oe  spreading^  away  in  eveiy  direction  from  the  pole.    There 

as  distinct  proof  that  during  these  times  every  region,  whose 

^xmfigaration  made  it  a  good  gathering  groimd,  became  a 

^preat  snow-field,  and  a  centre  from  vmich  ice-sheets  and 

C^aciers  were  shed  off,  but  all  the  known  facts  are  dead 

ngainst  the  idea  of  the  northern  regions  having  being  ever 

swathed  in  one  general  covering  oi  ice.f 

8BCTI0N  IIL— DISPLACEMENT  OF  THE  ROCKS  FROM 
THEIR  ORIGIN'ALLY  HORIZONTAL  POSITION. 

The  instances  we  have  given  furnish  proof  of  up  and 
down  movements,  by  which  rocks  formed  beneath  the  sea 


*  For  other  cases  of  oscillation 
^  levdy  see  GeolL  Mag.,  irol.  viii. 
PM0O,4BO;  Nature,  i.  881. 

t  On  this  subject,  see  Adhe- 

■■r,  R6v61ntions  de  la  Mer  (Leip* 

1%,  1843};   CroU,  The  Reader, 

ftpt  2nd,  Dec  2nd,  Dec  9th, 

JItf,  Jan.  ISth,  1866;  FhiL  Mag., 

#li  tmim,  znL  801  (Ap.  1866); 


Heath,  Phil.  Mag.,  4th  series, 
xzzi.  201,  828 ;  Pratt,  Phil.  Mag., 
4th  series,  zxzi.  172, 682 ;  Figure 
of  the  Earth,  4th  ed.,  p.  236 ;  O. 
Fisher,  The  Reader,  Feb.  10th« 
1866  ;  and  The  Reader,  20th  Jan., 
Feb.  24th,  March  17th,  1866 ;  and 
for  a  summary,  Croll's  "  Climats 
and  Time,"  ohap.  zaiii. 
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ire  raised  aliove  its  lareJ.     But  this  is  not  all  thst  baa 

iiappenod  to  tkem.  In  the  uoae  of  stratified  deposit?  we 
know  that  thoir  bods  must  hare  been  at  the  time  of  their 
formation  approximately  in  a  horizontal  position ;  there 
vould  be  exceptions  when  sedinient  was  thrown  down  by 
currents  in  sloping  layers,  but  the.te  are  unimportant  in  a 
general  view,  and,  speaking  broadly,  we  may  say  that  heda 
of  sedimentary  rocks  were  originally  horleontal.  But  tide  is 
not  the  positon  la  which,  in  many  caees,  we  now  find  them, 
and  hence  we  learn  that  rocks  have  been  aifected  by  other 
movements  besides  that  of  mere  Tertiual  elevation.  A  mo- 
ment's reflection  on  the  way  in  which  sedimentary  rooks 
were  formed  would  be  quite  enough  to  convinco  us  that  tJiey 
could  not  have  been  deposited  in  the  indined  positioas  in 
which  we  often  see  them  ;  but  one  or  two  other  facts  lead- 
ing to  the  same  oonclueion  may  be  just  mentioned.  The 
Burf aco  of  such  heds  often  bear  ripple-marks,  rain-pittings, 
aud  thti  tnu'k^  of  uuimalEii,  n'hich  could  not  possibly  have  been 
impri-8tii.'d  on  them  in  their  jm'sent  highly  inclined  position. 
Wy  ocwiHionbUly  find  embt-dded  in  ruck  llic  trunks  of  troes 
still  rooted  in  the  soil  in  which  they  grew,  and  inclined  at 
the  same  angle  to  the  vertical  as  the  beds  are  to  the 
horizon.  We  cannot  suppose  these  trees  grew  in  such  an 
unusual  position ;  but  if  we  suppose  them  to  have  sprung 
up  when  the  beds  were  horizontal,  and  to  have  shared  in  a 
subsequent  tilting,  their  position  will  be  satisfactorily  ex- 
plained. Again,  if  we  examine  a  deposit  of  Shingle  we  find 
a  tendency  among  the  pebbles  to  arrange  themselves  with 
their  flat  surfaces  and  longer  axes  horizontal ;  but  wher- 
ever we  find  inclined  he^  of  old  Shingle  or  Conglo- 
merate, the  flat  surfaces  of  the  pebbles  are  paraUef  tc 
the  bedding,  showing  that,  since  the  former  were  depo 
sited  horizontally,  the  same  must  have  been  the  case  witJ 
the  latter. 

We  will  now  go  on  to  consider  the  displacements  roci 
have  undergone  from  their  originally  horizontal  lie,  ai 
define  the  terms  used  in  describing  them. 

XKp. — Where  strata  have  been  tilted  from  a  horizon' 
position,  their  inclination  to  the  horizon  is  called  the  II 
The  amount  of  dip  may  be  stated  in  degrees,  or  by  say 
that  the  bed  rises  or  falls  ho  much  in  a  given  distance.  3^ 
in  Fig.  55,  it  ABC  he  the  surface  of  an  inclined  strat' 
0£  (7  a  horizontal  plane,  .^  0  vertical  and  J  i>perpendic 
to  it  (7,  the  angle  ^  i)  0  is  the  dip  of  the  bed ;  and  if 
angle  be  measured  and  found  to  be  19  degrees,  we 
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iBj  Hut  this  ia  the  amount  of  the  dip ;  or  siaoe  i>  0  is  in 
flus  cue  three  times  aslono'  as  ^  0,  wo  ma;  sa;  the  dip  is 
1  in  3,  or  12  inches  to  uie  Tard.  The  bearing  <d  the 
line  J)  0,  which  may  be  detormined  by  a  oompasa,  is  the 
direction  of  the  dip. 

Bfaike, — The  Ime  B  C,  m  the  intersectiou  of  the  inclined 
bed  with  a  hotismtol  plane,  is  called  its  Strilt  or  Zwd 
Ihm,  and  ia  deeoribed  by  its  compass  bearing. 

Perhaps  the  Bimpleat  illustration  of  dip  and  strike  may 
be  given  by  holding  a  board  or  slate  in  an  inclined  posi- 
tion in  a  trough  of  water.  The  intersection  of  the  surfaoe 
of  die  water  with  the  slate  is  uscessarily  horizontal,  and 
nres  the  line  of  strike ;  if  a  drop  of  water  be  placed  on 
uie  slate  it  will  ran  down  the  steepest  line  on  it,  and  this 


la  the  line  of  dip.  In  practice  a  quarry  partly  filled  with 
'W^ter  is  the  best  possible  place  for  determining  dip  and 
«tiike. 

To  put  the  definitions  as  shortly  as  possible,  we  may  say 
Ukjd  the  line  of  dip  is  the  line  of  greatat  inclination  that  can 
^^  drawn  on  the  surface  of  a  bed  ;  the  line  of  strike  is  the 
*^ide  of  no  inelination. 

■••vnTsmntt  of  Sip. — If  we  have  the  surface  of  a 
^^^  laid  bare,  we  can  determine,  by  an  instrument  for 
^**.«a8aring  angles,  called  a  Clinometer,  the  direction  of  a 
•■^rvel  lino  on  the  bed,  and  then,  by  measuring  the  in- 
^^jjoation  along  a  line  at  right  angles  to  the  level  line,  we 
K^M  the  amount  of  the  dip.  Or  the  dip  may  be  measured 
*^Sk  an  exposed  face  of  rtxi,  such  as  a  cliff  or  the  wall  of 
^"Cuny  ;  out  in  such  a  case,  in  order  to  determine  its  full 
^Vaunmt,  it  is  necessary  iJiat  the  face  should  be,  like 
'^'  0  D,  perpendicular  to  the  strike ;  if,  for  instance,  a 
'^«uai«mrait  was  made  on  faces  such  n»ABO,ACO, 
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the  observed  angles  would  te  lees  than  the  full  amount  of 
(he  dip.* 

In  practice  it  often  happens  that  ve  cannot  find  a 
vertical  face  ninning  along  the  true  dip.  but  we  can 
generally  get  mtasuromeutfi  of  the  apparent  dip  along  two 
lacen  making  a  large  angle  with  one  another,  froni  which 
the  amount  and  direction  of  the  full  dip  may  he  determined 
by  calculation, +  or  by  methods  given  in  the  Oeologitid 
Magaiine,  X.  332  :  in..  2nd  8er.,  377.  A  little  pnwrtice, 
however,  will  generally  enable  us  from  two  such  obserra- 
tiona  to  make  an  estimate  of  the  full  dip  quil«  near  enough 
(or  all  practic^purposea. 

OntOTDp. — The  line  along  which  a  bed  cuts  the  surfaM 
of  the  ground  is  called  its  Outcrop  or  Bauat.  If  the 
surface  be  horizontal,  the  outcrop  and  strike  will  coin- 
cide, but  this  will  not  be  the  case  on  undulating  ground 
unless  the  bed  be  nlisohitely  vertical  ;  for  nil  othi>r  inclina- 
tions the  outcrop  n-LU  wind  iiliout  with  the  ineiiualitiea  of 
the  surface,  and  the  bondings  will  he  larger  the  amaller 
the  dip. 

The  way  in  which  the  outcrop  of  a  bed  of  moderate 
inclination  winds  round  hilts  and  runs  up  and  down  valleys 
is  at  first  somewhat  puzzling,  and  any  attempt  to  explain 
it  verbally  would  only  lead  to  increased  confusion.  The 
beginner  will  derive  much  assistance  from  models  such 
as  those  of  Mr.  Sopwith,  or  he  may  construct  rude 
models  for  himself  by  laying  a  few  layers  of  putty, 
separated  by   sheets  of  coloured  paper,    in  an  inclined 

S>sition,  cutting  valleys  across  them,  and  noting  the 
fference  in  the  figures  formed  by  the  edges  of  the  paper, 
according  as  the  ground  is  inclined  in  the  same  direction 
as  the  beds  or  not,  and  as  the  slope  of  the  surface  is 
greater  or  less  than  the  dip  of  the  beds ;  he  will  be  in  a 
better  ca«e  still  if  he  haa  an  opportunity  of  examining  an 

*  FoTtablosgivingthsainoimt  Gaol.    Snrvey  of    England),   p. 

of  dip  along  a  line  iDcliaed  to  216. 

that  of  tbe  full  dip,  see  Jukea'i  f  Let  d  and  d'  be  the  two  ob- 

Mtmual,  Appendix    I.,   and  the  served  dips  A  B  0,  A  CO,  D\he 

Geology  of  the  South  StaCford-  fulldip.^  flO:  fl  0C  =  2a,B  Oil 

■hire  Coalfield  (Memoin  of  the  —a—»,COJ}  =  a  +  3,  then 
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undiil&ling  conntiy  There  the  nm  of 
the  bedfl  can  be  eaoly  teaced. 

TT&dTilatlatui  Kud  C<ontortloiui. — ^It 

veiy  rarely  happemB  in  nature  that  the 
dip  of  the  bed  le  constaiit  for  any  long 
distance ;  it  frequently  Toriee  both  in 
K  amotmt  and  diAction  from  point  to 
p  point.  When  the  changes  are  email  and 
^  gentle,  a  aeries  of  easy  rolls  or  undu- 
^  lationfl  ie  produced.  In  other  cases  the 
„    foldings  are  exoeeaiTely  sharp  and  sad- 

0  den,  and  the  beils  are  then  eaid  to  be 
B    tontorttd. 

^  Undulations  and  contortions  may  be 
Q  present  on  a  small  scale  without  inter- 
:i  lering  with  the  general  dip  of  the  beds ; 
i  thus,  in  Fig.  SS,  the  beds  on  the  left 
S  have  been  thrown  into  a  series  of  broad 
°  gentle  folds,  and  towards  the  right  have 
^    been  puehered  up  into  sharp  curves,  but 

1  preserve,  in  spite  of  ttieee  lesser  irregu- 
*  laritiea,  a  general  dip  from  the  right 
g    towards  the  left. 

n  A  case  of  violent  contortion  on  a  small 
g  scale  is  given  in  Fig.  57,  which  is  a 
S  natural  section  of  Shale  and  thin  Sand- 
t  stones  in  North  Staffordshire, 
°  Fig.  58*  shows  another  ease,  where 
Q  beds  of  solid  Limestone  have  been  bent 
5    to  the  form  of  an  inverted  W,     It  is  in 

0  mountain  chains  that  such  foldings  and 
g  crumplinga  occur  on  the  grandest  scale, 
^  the  beds  sweeping  up  and  down  in 
c    curves  of  enormous  radiua,  and  bending 

N  p    in  and  out  in  countless  and  most  abrupt 

1  plicationE.  This  structure  has  been 
S  found  to  a  greater  or  less  degree  in  all 
ip  mountain  chains  that  have  been  geolo- 
S    gically  examined;  a  fact  to  be  careful^ 

Dome  in  mind,  because  the  invariable 
presence  of  intense  contortion  in  all  ele- 
vated ranges  throws,  as  we  shall  see  in 

*  Booelilr  reduced  from  a  phi 
by  the  Qeoli^cal  snd  Folyted 
the  Weet  Kiding  of  Torkihira. 
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*01i«ptor  XL,  great  M^  on  the  theotj  of  the  prooeu  of 
j-Kjonatain  formatios. 

nie  fdlowing  temu  ue  need  im  oonnectioii  with  Hie 
■rger  undnlatioiia. 
•■WnH^.i  bbA  Sfiuilinal ;  Dome  ajid  Buidii. — When 
-K.^e  beds  have  been  bent  iato  the  form  of  arches,  these  are 
^^s^illed  AntieHHoU  or  SaddUi,  and  the  hollows  between  them 

PM 


^  3[ii  both  AntidinaU  and  STncHnals  the  line  in  each  hed, 
"^^Mig  irhioh  the  change  in  the  direction  of  the  dip  takes 
PXj^oe,  is  called  the  Antielinal  or .  Syntslinal  Axi*  of  that 
^^i^O;  and  the  phmee  containing  all  tbe  axes  of  an  anticlinal 
'^^^M  or  synclmal  trough  are  called  Axi$  planet. 

£  the  beds  dip  away  in  all  directions  from  a  centre,  tbey 
!^^  said  to  have  a  quaqaaptrtal  dtp,  or  to  be  domed  ;  and  if 


*», 


^^V  ^P  oTeiTwhere  towards  a  centre,  thej  have  a  e«ntro~ 
'^^*mI  Af>,  Qit  tana  a  iati*. 
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1  aatioliiial  runs  oa  as  long  as  its  axes  are  horizonta. 
i]j  gentlj  indined ;  it  is  brought  to  an  end  when  they 
n  to  bend  down  sharply.  A  complete  antioUnal  oon- 
of  a  long  ridge  terminated  at  each  end  by  the  half  of 
me ;  in  fact,  an  anticlinal  is  nothing  but  an  elongated 
d.  A  synclinal,  in  the  same  way,  is  a  long  trough  with 
a  basin  at  each  end,  or  an  elongated  basm. 
itidinab  and  synolinals  are,  however,  often  abruptly 
cated  by  the  dislocatiQns  known  as  faults. 
atioliiiaL — ^A  sketch  map  and  sections  of  an  anti- 
1  ridge  are  given  in  Figs.  90,  60,  and  61,  the  arrows 
ring  the  direction  of  the  dip.    In  the  southern  part 
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£1g.  60.---8icnoN  alomg  thi  Lsra  AB^  us  Fio.  69. 


he  map  the  beds  are  thrown  off  both  to  the  east  and 
from  a  central  line  or  axis,  as  shown  in  the  section, 
60 ;  their  outcrops  wind  about  with  the  inequalities 


Fig.  61. — Sbction  along  thb  Linb  C  D  is  Fio.  59. 

bie  groimd,  but  keep  on  the  whole  a  northerly  and 
herly  strike.  On  the  east,  owing  to  the  smaller  dip 
the  flatness  of  the  surface,  the  outcrop  of  No.  3 
lueh  broader  than  on  the  west  side.  Towards  the 
h,  however,  the  regular  dip  to  either  side  becomes 
lually  exchanged  for  a  dome-shaped  bedding,  the 
ka  fall  away  m  all  directions,  ana  the  antidinal  is 
dnated  by  a  half  dome,  around  which  the  easterly  and 
^ly  outcrops  bend  till  they  join  one  another.  The 
nd  section  shows  this  change  in  dip  ;  its  southern  part 
I  along  the  anticlinal  axis,  and  the  beds  are  therefore 
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flat,  bnt  towards  the  north  the;  hand  down,  and  ^ 
BOCCMsive  memberB  oome  on  one  over  the  other,  \o^  '* 
along  the  flanks  of  the  arched  area  on  the  Boath. 

Dome. — As  an  iUastration  of  dome-Bhaped  bedding* 


Fig.  62.— Obolooical  Skstch-haf  of  Souo**  Saui 


3  Btmcture  of  which  has  been 
kindly  explained  to  me  b;  m;  frimd  Mr.  J.  B.  Dakjiu- 


!  t 


Fig.  S3. — SicnoH  1I.0I10  thi  Lini  A  S  m  Fio.  63. 

Figa.  f!2,  63,  and  64  show  a  sketch  plan  of  the  hill  and  two 

aeodons  across  it.     The  rocks  of  which  it  is  composed  are — 

6.  Grit8t<me.    (Top.) 


SYNCLINAL, 


oOl 


3.  Gritstone. 

2.  Shale. 

1.  Liinestoiie.    (Bottom.) 

The  beds,  as  shown  by  the  arrows  on  the  plan  and  by  the 
sectionB,  dip  away  in  all  directions  from  a  centre,  aronnd 
irhich  tlieir  outcarops  run  in  concentric  curvee.  Thus  in 
the  middle  we  have  a  patch  of  No.  2 ;  this  is  enclosed  by 
a  belt  of  No.  3,  which  is  in  its  turn  surrounded  by  a  ring 
of  No.  4.  The  outermost  band,  formed  by  the  outcrop  of 
"No.  5f  is  not  complete,  a  portion  having  been  removed  by 
denudation.  The  Limestone  does  not  cictually  come  to  the 
surface  in  the  centre  of  the  dome,  but  it  is  brought  up  by 
a  change  of  dip  on  the  north-west  side  of  the  hill,  and  seen 
to  underlie  the  Shale  No.  2,  and  it  must  therefore  form  the 
mass  of  the  interior  of  the  hill. 
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Fig.  64.— SsonoM  along  ths  Ldtb  CD  m  Fio.  62. 

Teiy  beautiful  illustrations  of  domes  are  sometimes  seen 

the  sea-coast,  when  the  waves  have  planed  away  the 

Biunmit  and  laid  bare  a  horizontal  section  perpendicular 

^o   the  axis  of  the  dome.      A  good  instance  occurs  near 

S^rwick-on-Tweed.    The  rocks  consist  of  alternations  of 

^^ctid  Limestones  or  Sandstones  and  soft  Shales,  and  at 

^^e  spot  they  have  been  thrown  into  a  dome  almost  per- 

^^ctly  circular  in  outline.     The  top  of  this  has  been  shced 

^<2rci68  in  the  way  just  mentioned,  and  the  concentric  rings 

^oimed  by  the  outcrops  of  successive  beds  are  most  dis- 

tinctly  exhibited.    The  structure  comes  out  with  singular 

Nearness,  because  the   outcrop  of  each  hard  bed  stands 

Up  above  those  of  the  softer  measures  on  each  side ;  and 

thus  there  is  produced  a  set  of  concentric  circular  low 

^&,  separated  by  grooves  in  which  water  remains  after 

the  fall  of  the  tide  has  laid  all  aroimd  dry. 

Synclinal  and  Basin. — ^A  case  of  a  syncHnal  trough  is 
shown  in  Figs.  65,  66,  and  67,  which  are  a  map  and  sec- 
tions of  a  paxt  of  a  long  syndinal  in  North  Stanordshire, 
known  as  the  Gbyt  Trough. 
The  general  syndinal  lie  Q!?er  the  greater  part  of  the 
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p  is  ircJl  Bhown  bj  the  beda  1,  2  and  3,  vliose  oot- 
po,  in  Epite  of  vindinga  due  to  ineqiuiitieB  in  tbe 
ni&d,  Btrite  poraistentl;  north  and  south,  and  whioh  dip 
rarda  on  botE  aidea  towards  a  ccotral  axia,  a^  shown  in 
I  a«cond  of  the  uctunu.    The  trone^  howerw  is  sub- 


sided by  leseer  nndnlations  into  sereral  nunor  bamus. 
*^  first  section  rons  across  one  of  these  Here  the 
lUral  easterly  dip  of  the  western  half  of  the  trough  is 
^ian^^ed  about  ttie  centre  for  a  dip  to  the  west  and  a 
'ifler  interior  trough  produced.  The  beds  then  roll 
«t  ud  reeuma  tikeir  easterly  dip  up  to  a  fault,  bejrond 
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vhu^  they  pat  an  tie  Teaterly  dip  whidi  ^  i 
prevails  along  the  eastern  half  of  the  J 
trough. 

Another  well-marked  basin,  in  the  centre 
of  which  a  detached  patch  of  the  bed  6 
neRtlee,  is  Been  towards  the  southern  end  of 
the  map.  The  beds  here,  as  Bhown  by  the 
arrows,  dip  on  every  side  inwards  towards 
a  centre,  and  the  outcrops  run  in  (Xmcentric 
ings  round  the  central  area  of  the  highest 


This  trough  is  terminated  on  the  south 
by  a  half-basin,  the  simple  synclinal  lie 
being  exchanged  for  inclinations  to  the 
north-east,  north,  and  north-west,  and  the 
outcrops  on  either  side  wind  round  till  they 

ForaUelism  of  Anticliuals. — It  fre- 
quently happens  that  anticlinal  ridges  show 
a  tendency  to  nin  rudely  parallel  to  one 
another  over  large  areas. 

Classes  of  Anticlinals. — Antidinals 
may  be  distinguished  according  to  their 
transverse  scetion  into  throe  cloaBPS,  exam- 
ples of  which  are  seen  in  Fig.  68,  which  ia 
a  general  section  after  Professor  H.  D. 
Eogers,  across  the  Appalachian  Mountains. 

In  the  first  class  the  beds  on  opposite 
sides  are  equally  inclined  to  the  horizon, 
and  the  axis  plane  is  therefore  vertical. 
This  symmetrical  form  is  common  among 
gentle  undulations  of  considerable  width, 
anch  as  are  seen  in  the  left  of  the  section. 

In  the  second  class  the  beds  are  more 
ateeply  inclined  on  one  side  than  on  the 
other,  80  that  the  axis  plane  is  no  longer 
vertical ;  foldings  of  this  kind  ocnir  in  the 
middle  of  the  section,  and  it  will  bo  noted 
that  in  all  of  them  the  steeper  bide  of  the 
arch  faces  the  west. 

In  the  third  class  the  rocks  are  doubled 
under  on  the  steeper  side  of  the  fold,  so 
that  the  upper  beds  plunge  down  on  that 
aide  beneath  thosewhich  before  disturbance 
lay  below  them.     The  axis  plane  here  is  ^ 
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indlned  to  tlie  honzoHf  but  at  a  smaller  angle  than  the  beds 
on  the  steep  side.  This  form  prevails  towards  the  right 
hand  of  the  section. 

These  three  forms  are  seen  in  the  instance  before  us  to 
pass  into  one  another,  and  the  theory  of  their  formation 
win  be  touched  on  in  Chapter  XI. 

Zmrendon* — Instances  of  inversion  of  the  beds,  such  as 

that  which  occurs  on  the  steep  side  of  the  antidinals  last 

mentioned,  are  not  uncommon,  specially  in  intensely  con- 

'torted  mountain  regions.    A  simple  case  is  shown  in  Fig 

^B9,  which  is  a  section  in  the  neighbourhood  of  Pembroke. 

inhere  are  three  groups  of  rocks. 

3.  Carboniferous  Limestone.     (Top.) 

2.  Lower  Limestone  Shale. 

1.  Old  Bed  Sandstone.     (Bottom.) 

There  is  ample  evidence  in  the  neighbourhood  that,  where 


Hg.  69.— Inybrtbd  Bn>B  nbab  Milford  Haven. 
SoUe  li  Inobes  to  a  mile. 

"^^©y  have  not  been  disturbed  from  their  original  position, 

^^e  three  groups  lie  one  on  the  other  in  the  order  indicated 

^^bcfve;   and  they  are  found  in  their  normal  position  on 

^^^^  sides  of  the  synclinal  trough  on  the  south.     On  the 

^Jjorth  side  of  the  anticlinal  arch  which  follows,  however, 

2^ey  have  been  so  completely  folded  over,  that  the  Old  Eed 

^^dstone  is  at  the  top  and  tiie  Limestone  Shales  and  Lime- 

^^^e  dip  under  it,  so  that  an  observer  who  had  seen  only 

^18  end  of  the  section  would  be  led  by  it  to  believe  that  the 

^^  Bed  was  the  uppermost  and  the  Limestone  the  lowest 

^  the  three  groups,  whereas  exactly  the  reverse  is  the 

A  case  of  more  violent  inversion  is  shown  in  Fig.  70, 
^1^  is  a  section  in  the  eastern  part  of  the  Jura.*    The 


ied    from  Beitraege  eut      version,  eee  Der  Olamisch,  ein 
p  -^•*  ikarte  der  Schweiz,  vol.  iv.      problem    Alpinen    Qebrigsbaiie^ 
^^  other  caaee  of  startling  in-      Dr.  A.  Banltzer.    Zurich,  1873. 
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rocks  when  imdiatutbed,  as 
at  tlie  northom  end  of  the  '' 
section,  occur  in  the  follow-  ■ 
ing  order : —  ' 

7.  Freshwater  Marl  (Top.) 

6.  NageMuh. 

5.  White  Jura  Bede. 

4.  Brown  Jura  Beds. 

3.  Lias. 


l.UuBchelisU:.  (Bott«m.) 

On  the  south  a  tot^  aharp 
fold  occuTB,  by  whioh  the 
beds  have  been  thrown  oyer, 
till  the  lowest  member,  the 
Huschelkalk,  has  come  to 
lie  at  the  top,  and  the  other 
subdirieione     appear     be- 
neath it  in  an  order  exactly 
the   reverse  of   the  above  ■*"  ■ 
table.  The  reader  will  real- 
ise the   enormous    amount 
of  displacement  and  denu- 
dation necessaiT  to   bring 
about  this  result  if  he  wifi  •=  ■  ■ 
endeavour  to  put  the  beds 
back  into  the  position  they 
must  have  had  before  the  ^ 
folding    took  place.     This 
has  been  done  for  a  part 
of   the  section  in  Fig.  71,   ^  . 
where    the    letters  ABC 
show  what  was  the  original  « 
position  of  the  points  de-  " 
noted  by  the  corresponding 
letters  in  Fig.  70.    The  five 
lowest   groups    must  have 
been  to  some  eitent  folded  _  -■ 
and    denuded    before    the 
formation  of  the  Nagelfluh 
began,    because   the  latter 
does  not   everywhere    rest 
on  No.  5,  but  is  at  differ-  »  - 
ent  points  in  contact  witti  <b 
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ToB.  4y  3,  and  2.  On  the  surface  so  formed  Nos.  6  and  7 
rere  afterwards  laid  down  in  horizontal  beds,  and  Fig.  71 
howB  what  must  have  been  the  relative  position  of  the 
afveral  groups  when  this  step  of  the  process  was  oom- 
leted.  Then  ensued  a  period  of  disturbance,  by  which 
de  contortion  and  inversion  were  produced.  The  nature 
f  the  displacement  will  be  more  fully  seized  on  if  we 
X  our  attention  on  any  one  bed  singly,  say  the  band 
f  SZeuper  to  the  north  of  C,  This  before  disturbance 
ras  dipping  gently  to  the  north,  as  in  Fig.  71.  It  must 
lare  been  gradually  tilted  till  it  became  vertical,'  and  then 
ictaaUy  dragged  over  so  as  to  make  it  slope  in  a  direction 
(xactly  opposite  to  that  it  had  to  begin  with ;  in  fact,  the 
m^iB  through  which  it  has  been  turned  is  very  nearly  two 
ig^t  angles.  While  this  crumpling  went  on  denudation 
iras  at  work,  and  by  its  action  all  t£e  sheet  of  Nagelfluh 
and  Marl  has  been  carried  away  except  that  portion  which 


4 
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Fig.  71. 

is  squeezed  into  the  middle  of  the  fold,  where  it  is  pro- 
tected by  the  beds  that  have  been  bent  over  it. 

When  we  see  these  startling  results  as  they  are  now, 
they  look  at  fbrst  sight  almost  beyond  reasonable  ezplana- 
don ;  but  if  we  try  in  imagination  to  put  back  the  rocks 
into  their  original  position,  to  follow  them  through  the 
mocessive  foldings  tliey  have  imdergone,  and  bear  in  mind 
it  the  some  time  how  much  has  been  removed  by  denuda- 
ion,  we  are  able  to  realise  some  at  least  of  the  steps  of  the 
[oooess,  though  the  forces  and  the  machinery  by  which 
hib  movements  were  produced  may  still  be  beyond  our 
jjrasp.  In  Fig.  72,  for  instance,  the  dark  portion  repre- 
lents  a  section  across  a  moimtain  chain,  on  the  flanks  of 
irhich  inversions  are  repeated  over  and  over  again.  Cover 
ner  with  a  bit  of  paper  cut  to  shape  the  lighter  part  of  the 
fiagram,  and  see  what  we  could  learn  about  the  order  of 
ihe  beds  from  the  darker  part,  that  is  from  the  mountain 
nde  as  it  now  stands.  Take  only  two  beds,  the  dotted  one 
lad  the  one  marked  by  a  thick  black  line ;  at  the  summit 
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the  first  oreriiee  the  aeoond,  a  little  vay  down  tliej  ooeni 
in  the  revereo  order,  and  still  further  below  they  oome  bad 
to  their  original  relatiTe  position;  and  these  changes  an 
again  repeat«d  lower  down.  In  such  a  sectioQ  no  ont 
oould  saj  which  was  top  and  which  was  bottom,  and  the  trni 
sequence  of  the  beds  could  be  ascertained  only  by  following 
them  to  some  district  where  they  are  less  disturbed. 

And  if  we  think  only  of  what  we  can  now  actuaU] 
see,  that  is,  if  we  still  keep  the  paper  covering  on,  wi 
are  puzzled  to  imagine  how  this  repetition  oould  han 
been  produced.  But  if  we  take  away  the  paper  cover 
we  then  see  bow  matters  stood  before  the  ground  had  it 
present  shape  given  to  it,  and  our  difficulties  are  mate 
rially  lessened.  At  one  time  the  surface  may  have  been  ii 
some  such  position  aa  A  £,  and  the  rocks  beneath  it  hw 
been  puckered  up  in  a  series  of  zigzag  folds.     Then  out  o 


Fig.. 7a. 
this  block  of  crumpled  strata  denudation  carried  awa; 
everything  down  to  Uie  uneven  surface  C  D,  and  so  carve! 
out  the  mountain  diain.  When  we  try  to  make  out  tb 
structure  of  such  ground  we  are  at  first  Mwildered,  becau* 
we  see  only  the  portions  of  the  folds  that  have  survived 
but  our  difflcultiee  vanish  when  we  complete  ea<^  fold  b* 
restoring  the  portion  which  has  been  carried  away,  and  i. 
are  able  to  understand  bow  what  are  now  isolated  poitioni 
of  each  bed  were  once  connected. 

We  have  for  distinctness'  sake  spoken  of  the  folding  a 
the  beils  and  the  carving  out  of  the  mountain  chain  aa  twi 
independent  operations,  the  first  of  which  waa  finiahot 
before  the  sexwnd  began.  In  reality  denudation  was  goin{ 
on  at  the  same  time  as  the  crumpling,  but  it  oontinued  tt 
act  after  the  latter  process  had  come  to  an  end, 

OntUar  and  lalier.— Tilting  and  bending,  oombined 
with  subsequent  denudation,  have  often   resulted  in  ths 
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prodoctioii  of  isolated  patchea  of  rock,  and  of  these  there 
are  two  kLnds,  OuUiwi  and  InUeri. 

In  an  outtier  the  detached  masi 
*itlM  by  beds  geologicaUy  Itlow  it, 
g&fHogioaRj  about  it. 

Instances  of  outlien  are  seen  in 
dntached  patches  of  the  bed  No.  5 

past  of  the  map,  across  one  of  which  the  section  on  Fig.  66 
IS    oarried.     Towards  the  south  end  of  the  same  map  a 


I  is  surrounded  m  aB 
in  an  inlier  by  beds 


Fig.  65,  where  thiea 
the  northern 


Fig.  7S. — GtoLooicAL  Sketch-hit  of  SmiTLiifaiLOW. 
BaacIlndttoiDiile.     Dotted  liua  ■»  bnlU.. 

forger  basin-Bhaped  outlier  of  the  bed  No.  6  is  seen,  which 

^  croned  by  the  section  in  Fig.  67. 

Ag&in,  in  Fig.  98,  there  are  two  outliers  of  the  bed  (d) 

«aid  one  of  the  bed  (i). 

An  example  of  an  outlier  ia  giyon  in  Figs.  73,  74,  and  75, 
Whkh  are  a  fiew,  sketch-map,  and  aection  of  a  hi'11  called 
^ntlingalow,  a  very  conapicuous  object  in  the  moor- 
lands of  North  Staffordshire.  The  outlier,  which  ia  formed 
by  the  isohited  patch  of  the  bed  No,  5,  is  very  small, 
bnt  the  rock  of  which  it  ia  composed  is  a  hard  massive 
gritattme,    and  in  consequence  <a  this   character  it  has 
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S'ren  to  tKe  Bnmmit  an  outlins  so  bold  and  chanuiteriatic, 
at  a  trained  ejo  ut  onca  reoo^iBes  from  the  shape  ol 
the  peak  ita  general  geological  stnictrire. 

Outliors  are  the  remains  of  a  broad  sheet  of  tba  rook, 
which  once  spread  far  and  wide  OTer  the  country,  but  the 
greater  part  of  which  has  been  carried  away  by  denudation. 


Fig.  74.— SicrioK  alomo  thb  Ldh  J  B  a  Fta.  TJ.   I^H 

Thus,  in  Fig.  99,  the  outlier  of  the  bed  (i)  on  the  hill  to  the 

right  must  once  have  been  connected  with  the  strip  rf  the 
same  bod  which  crops  out  along  the  flanks  of  the  hill  to  the 


Kig.  76— Vi 


left,  as  shown  bytho  dotted  lines;  and  the  bed  (rf),  of  vhioh 
only  two  outliers  remain  was  once  equally  estensive. 

In  many  cases  the.  dislocations  called  faults,  which  will 
be  described  in  the  next  section,  have  contributed  to  the 
formation  of  outliers.  Thus  in  Fig8.76  and  77  we  havt  an 
outher  of  the  bed  No.  5,  bounded  on  the  eaat  side  by  a 
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tenk,  whioh  luta  apheared  and  brought  in  contact  vith  it 
thelorerbedNo.  1. 

litlien  often  reeult  when  beds  have  been  thrown  into  a  dome, 
and  the  upper  part  of  it  has  been  ahaved  off  by  denudation. 
In  thia  way  a  rounded  area  of  the  lowest  bed  whioh  reaches 
">B  surface  is  laid  bare,  and  the  bed  next  above  mantles 
^onnd  it  in  a  ring.  Such  has  been  the  case  in  Simon's 
oeat  (Bee  Fig.  62),  There  an  inlier  of  the  bod  No.  2  occurs 


^  the  top  of  the  hill.    Inliere  of  this  kind  were  called  by 
^  older  geologists  "  Outliers  by  Protrusion." 

But  famta  have  also  had  a  share  in  the  production  of 
inKers.  Thus,  in  Fig.  73,  there  is  a  small  triangular  area 
of  the  bed  Ko.  I,  overlaid  on  the  north-east  and  south-east 
hj  the  bod  next  above,  and  vith  the  same  bed  brought 
■  "'  '     a  fault  on  the  west. 

[  in  Derbyshire  is  a  good  case  of  a  faulted 
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inlier.  Fin.  76  and  77  are  a  map  and  secticai  of  U.  Tlw 
patch  of  uie  bed  ( 1 )  aatiafiea  the  definition  of  an  inlier ;  m 
the  weet  and  eouth-weet  it  ia  bounded  b;  faolts,  whiA 
have  let  down  higher  heda  _^^__  _ 

against    it,    while    to    the        ^ 
north-east   it   paases  with 
a  regular  dip  oeneatL  the 
bed  (2)  immediately  above 


SECTION  IV.— FAULTS. 

Bocks  have  been  sub-  * 
jected  to  still  more  violent 
usage  than  the  folding  we 
have  already  spoken  of.  In 
many  cases  they  have  been  """'■*, 
torn  acroBS  by  rents,  and 
the  parte  whiui  were  oii^- 
nally  continuous  now  lie  at 
different  lereb  on  opposite 
sides  of  the  fissure. 

Such   displacements  are  |e-" 
known  as  Faailt.     Throwi,  " 
IVojibUt,  JTeavet,  Sltpt,  and 
other  local  names  are  also        a 
applied  to  them.  ^  - 

Fig.  76  is  a  section  of  a   t 

Oof  Coals,  Shales,  and  S'S". 
tones  intersected    by  o 
two  faults. 

If  we  look  at  the  fault 
on  the  right,  we  see  that 
the  measures  on  both  aides 
of  it  are  exactly  the  same  * 
in  number,  thickness,  and 
uomposition,  but  that  on  the 
loft  band  they  are  boilily  in  " 
a  lower  position  than  on  the 
right  huid.  This  fault  is 
said  to  throw  down,  or  to 
have  a  downcast,  to  the  left.  Similarly  the  other  fault  throwi 
up  in  the  same  direction,  or  down  to  the  right.  The  amount 
of  tbe  throw,  or  the  size  of  the  faolt,  is  measured  by  tlw 
vertical  distance  between  the  Mids  of  the  aamo  bed  as 


opposite  Bidee  of  the  dialocatioQ;  thus  the  dotted  line  ^  J  is 
the  tiuow  of  the  fault  to  the  left  in  Fig.  78.   The  throw  of 

tmalta  variea  from  a  few  inches  np  to  thousands  of  feet. 
Sometimes  beds  show  little  or  no  change  of  dip  on 

Approaching  abnlt,  as  in  the  section  on  FigTrO.    This  does 


^'pPwionally  happen  in  the  case  of  faults  of  considerable 
•'^o.  Hots  fr&ineEtly,  however,  the  beds  are  steeply  tilted 
**■■  'vidently  contorted  in  the  neighbourhood  of  a  fault,  as 


*9-   7B.-F4ULTS 

^^  the  section  on  Fig.  BO.  The  amount  of  contortion  does 
^^t  neoeesarily  bear  any  relation  to  the  size  of  the  fault, 

•'iag;  sometimes  very  conspicuous  where  the  throw  is  small. 
A.  fault  is  sometimes  a  aingle  clean  cut  fracture,  but  it 

*t«Qer  happens  that,  as  we  draw  near  a  large  fault,  the 
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beds  are  brokes  by  a  OTimber  of  muJln  dialocationa,  u  u 
the  section  on  Fi^.  81  where  we  cnea  sereral  such  before 
reacbing  the  maiy  fault.  These  minor  throws  are  fre- 
70611117  paraJlel  to  the  main  fracture.  Bi  other  cases 
units  branch  off  at  large  angles  from  a  main  throw,  and 
decrease  rapidly  in  size  as  they  recede  from  it  till  they  die 


Fig.  BO. — CoKTouTEU  Bma 

out  altogether.  Fig.  82  is  a  ground  plan  of  a  main  fault 
and  a  group  of  associated  smaller  faults,  6om.e  of  which 
are  rut^ly  paralld  to  the  principal  dislocation,  and  othera 


Pg  81 

branch  off  from  it  at  various  angles  while  all  show  con- 
siderable changes  m  the  amount  of  throw. 

The  fissure  of  a  fault  is  now  and  then  narrow,  dean  out, 
and  of  a  uniform  width.  It  oftener  happens,  however,  that 
the  walls  of  a  fault  are  uneven,  alternately  approaching 
and  receding  from  one  anotb^.    The  spaoes  thus  foimea 
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filled  up  with  fragments  of  the  adjoining  rocks,  mashed 
uid  jumbled  together,  in  some  cases  bound  into  a  solid 
Qi««8  called  "  fault-stuff,"  or  '*  fault-rock."  Where  a  fault 
^i^Terses  dajey  rocks,  its  fissure  is  often  lined  by  a  layer 

of  extrem^y  dense^ 
60*  tough,  leathery 
fault-stuff,  called 
in  some  districts 
a  ''leather  coat." 
Now  and  then  a 
fault  is  filled  in 
with  crystallised 
minerals ;  and  if 
among  them  me- 
tallic ores  occur,  it 
becomes  a  mineral 
veiQ. 

Slickensida.  — 
The  walls  of  a 
fault  are  frequently 
grooved  and  some- 
times highly  po- 
lished, as  if  the 
rocks  on  opposite 
sides  had  ground 
against  one  ano- 
ther. Such  mark- 
ings are  called 
Slickensides.  In 
many  cases  they 
are  imdoubtedly 
due  to  the  cause 
just  mentioned, 
and  it  often  looks 
as  if  the  heat  pro- 

Qronnd  plan  of  a  main  fiEiult  with  farandhes  and  duced  by  the  fric- 
PttaM  faults.  Main  fiialt  shown  by  a  double  line,  x*  y^^j  "holrAil  ttnA 
otl«  Jkults  by  Bingle  linJS.  Each  feult  hai  a  rauill  "^n  naa  oasea  ana 
Qtm-mark  placed  on  the  down-onst  side,  and  the  Hardened  the  rOCk, 
UMmnt  of  the  throw  written  alongside  in  feet  and  _  ■%  ^^«,i.«,j  xi,^, 
iaOm,    A  cypher  ia  placed  whew  a  fault  dies  out.         ana       COatea       tne 

walls  of  the  fissure 
with  a  glazed  lining ;  in  other  cases  a  thin  glaze  of  some 
mineral  seems  to  have  been  deposited  on  the  polished  sur- 
£ioe  increasing  its  smoothness.*    Surfaces  marked  by  slick- 

*  See  Journal  of  Royal  Geol.      Qaart.  Joum.  G^oL  Soc.  zxxi. 
Soe.  of  Dublin,  x.  p.  96.    See  also      111,  113,  386. 


Fig.  82. 
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enride  are  often  f onnd  trayening  beds  in  every  diredaoo 
in  the  neighbourhood  of  a  fault,  aa  if  the  whole  body  of  the 
rock  had  been  shattered  and  the  bits  rubbed  against  one 
another  by  the  motion  which  produced  the  displacement. 

Oases  also  occur  where  inclined  beds  have  slipped  upon 
one  another  and  marked  their  faces  with  slickensidey  and  we 
may  even  see  the  faces  of  joints  traversed  by  horizontal 
polished  grooves,  such  as  would  be  produced  by  horizontal 
motion  and  grinding. 

On  approaching  a  fault  some  rocks,  especially  Sandstone, 
lose  their  bedding  and  become  shattered  and  traversed  by  a 
number  of  cracks  roughly  parallel  to  the  plane  of  the  fault, 
which  are  sometimes  called  ''Buttles''  by  quanymen. 
Such  changes,  which  are  perhaps  akin  to  cleavage,  and  the 
hardening  often  noticed  adjoinme  a  fault,  point  to  pressure 
and  other  violent  treatment  durmg  the  production  of  the 
dislocation. 

Sada  of  Faults. — ^Faults  are  sometimes  vertical,  but  by 
far  the  larger  number  are  inclined  at  dbBPerent  angles  to  the 
horizon.     The  inclination  of  a  fault  is  called  its  k^iie 
underlie^  and  is  measured  by  the  angle  between  a  vertical 
plane  and  the  plane  of  the  fault. 

In  almost  all  cases  of  inclined  faults  the  hade  or  dope  ' 
towards  the  down- throw  side:  exceptions  to  this  rule  are 
"  reversed  faults."    Oases  of  reversal  are  occasionally  seen,  «- 
but  many  of  them  are  probably  more  apparent  thaji  real,  ^  ^^ 
and  caused  by  some  temporary  bend  in  the  direction  of  the^^^j^* 
fissure.    I  have  seen  such  a  case,  where  the  fault,  on  enter- 
ing a  well- jointed  bed,  took  the  line  of  a  joint  with  an 
opposite  slope  to  its  own,  and  so  became  for  a  short  part  _ 

of  its  course  reversed,  while  if  looked  at  as  a  whole  it  ^^  " 
followed  the  general  law. 

Genuine  reversed  faults  are,  however,  said  to  occur  in 
highly  contorted  districts.*  ^^ 

Course  of  Faults. — The  course  of  a  fault  is  rarely,  if  ^ 
ever,  absolutely  straight,  but  in  the  maiprity  of  cases  faults 
show  a  tendency  to  run  in  straight  lines^  sometimes  the  de- 
viations from  a  straight  line  are  so  small  as  to  be  scarcely 
noticeable,  and  in  many  cases,  where  they  are  quite  sensible, 
there  is  still  a  general  tendency  to  a  rectilinear  trend,  the 
fault  swinging  first  to  one  side  and  then  to  the  other  of  a 
straight  line  which  represents  its  average  direction.  Hie 
bendmgs  in  such  a  case  are  usually  gentle  curves,  but  oooa- 

•  See  Pzx)!  H.  D.  Bogen,  Trannctioni  Royal  800.  of  Sdinbnifh, 
XzL  p.  443. 

i 


CHAK6B8  IN  THE  THROW  OF  FAULTS.       367 


taxmaDj  rery  abrapt  zigzagB.*  Some  faults,  on  the  othez 
hBBd,  are  decidedly  coired. 

VtunkUelini  of  Faults. — ^It  frequently  liappens  that 
tile  &iults  of  a  district  can  be  divided  into  two  systemSy  and 
that  all  the  members  of  one  system  show  a  general  tendency 
to  ran  parallel  to  the  strike,  while  those  of  the  other 
system  range  roughly  along  the  dip.  The  faults  of  the  first 
system  will  be  parsilel  to  the  longer  axes  of  the  larger 
iMB  in  the  rocks,  and  thus  faultii^  and  folding  seem  to 
stand  in  dose  connection,  and  to  be  only  different  results  of 
the  same  process.  A  relationship  between  faults  and  anti- 
dinala  is  also  pointed  out  by  the  fact  that  the  one  sometimes 
passes  into  the  other.  The  sharpness  of  the  bend  gradually 
increases,  till  at  last  the  tension  became  ereater  than  the 
rock  oould  stand,  and  fracture  accompanied  by  relative  dis- 
placement of  the  severed  portions  resulted.! 

OuuigMi  ill  Bise  and  Joying  ont  of  Faults. — ^The 
amount  of  the  throw  of  a  fault  very  seldom  keeps  the  same 
value  for  anv  long  distance,  and  we  will  elance  at  some  of 
'^  e  causes  which  produce  changes  in  the  size  of  faults. 

If  a  fault  be  perpendicular  to  the  strike,  its  throw  will 
the  same  as  long  as  the  beds  on  opposite  sides  of 
it  have  the  same  dip  and  strike. 

Changes,  however,  in  the  amount  or  direction  of  the  dip 

d 


give  rise  to  corresponding  changes  in  the  amoimt,  an< 
certain  cases  in  the  direction,  of  the  throw.     Fig.  83 
ws  a  model  which  illustrates  one  way  in  which  this  is 
ught  about.    There  is  a  bed  of  Coal  shown  by  the  thick 
band,  shifted  by  a  fault  A  B  C  D,    The  measures 
erlying  the  Coal  are  supposed  to  be  removed  so  that  we 
its  surface.    On  the  north  side  of  the  fault  the  bed  dips 
to  the  east,  and  its  surface  is  the  plane  B  C E^. 
the  south  side  ^e  bed  has  been  thrown  into  a  series 
folds  giving  it  a  wavy  surface,  A  L  K  H  O  M  N  0. 
een  C  and  O  the  bed  is  lower  on  the  south,  than  on  the 
'"■iiiurth  side,  or  the  downthrow  is  to  the  south.    The  amount 
^^  throw,  however,  steadily  decreases  as  we  go  towards  Qc^ 

*  See  a  veiy  jagged  fitnlted         f  The   Bivelin  Valley,   near 

"boundary  of  the   OubomferouB  Sheffield,  foxDiBhes  an  instance. 

Xbnertooe  on  Sheet  81,  S.£.  of  the  See  Memoir   of  the  Geoloffioal 

^M»inch  m»p  of  the  Geological  Survey   of  England   on   North 

%Bmj  of  ^igland  and  Walee,  Derbyshire   ana    the    adjoining 

and  ita  deecription  in  the  Memoir  parte  of  Yorkshire,  p.  67;  alao 

«f  the  Geological  Survey  on  North  Geological  Magazine,  vi.  507. 
Barbyafaire    and   the   adjoining 
paiia  of  Yorkahixe,  p.  83. 
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and  at  that  point  the  bed  is  at  the  aama  Lsrel  on  both  udtt 
of  the  fault,  or  tbe  fault  has  no  thiov.  Between  Q  and  B. 
the  bed  is  higher  on  the  south  than  on  the  north  nde,  ot 
the  fault  throws  down  to  the  north  The  amoant  of  ths 
throw  increases  to  the  west  of  ff  for  a  while,  then  beffins 
to  decrease,  and  at  H  again  oomea  down  to  nothing. 
Between  J?  and  iT  the  fault  reaumes  ita  iormer  aouthmfj 


downthrow,  and  at  L  another  change  in  the  directicm  of  the 
throw  occure. 

The  Mime  result  will  evidently  be  produced  when  there 
are  a  number  of  branch  faults  springing  out  from  a  main 
fault. 

In  the  model  in  Fig.  84,  the  measures  orerlying  the 
black  bed  are,  as  in  the  last  figure,  supposed  to  be  removed. 


Fig.  8*. 


AS  C  2)  is  the  plane  of  a  fault,  and  S  C£  FihesaitaM 
at  the  bed  on  the  north  side  of  it.  At  C  this  fault  throws 
down  100  yards  to  the  south,  so  that  on  the  latter  side  the 
Coal  ia  found  in  the  position  SFG.  FO  SK  is  the  plane 
of  a  branch  fault  throwing  down  to  the  east  80  yards ;  this 
fault  doee  not  a&ect  the  bed  on  the  north  aide  of  the  nuin 
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&iilt,  bat  on  the  south  side  the  bed  is  brought  bj  it  into 
the  pooitioii  K SL  M;  there  is  now  onl;  20  yards  differ- 
enoe  in  the  position  of  the  bed  on  opposite  sides  of  the 
xaain  fault,  or  the  tttrow  of  the  latter  is  reduced  to  20  yards. 
BtiU  further  to  the  west  ia  another  fault,  L  M  N  0,  throw- 
ing np  10  yards  to  the  vest,  and  bringing  down  the  size  of 
t2ie  main  fault  to  10  yards.  Lastly,  the  branch  fault, 
■P  ORB,  throws  np  40  yards  to  the  west ;  by  this  fault  the 
Coal  is  raised  up  to  Q  A  5.  and  is  30  yards  higher  on  the 
south  than  on  the  north  side  of  the  main  fault,  or  the  throw 
of  the  latter  is  now  30  yards  down  north. 

In  this  way  by  a  suoceseion  of  steps  a  fault  which  throws 


Kg.  86. 

^"^n  to  Ihe  south  100  yards  is  changed  into  a  fault  with 
'  downthrow  to  the  north  of  30  yards. 

It  is  easy  to  see  that  by  proper  adjustments  a  fault  might 
DS  tnode  to  die  out  permanently  in  coses  such  as  those  just 
^Wcribed.  In  Fig.  83,  suppose  that  the  bed  on  the  south 
■ide  of  the  fault,  instead  of  rising  to  the  west  of  K&t  as 
deep  an  angle  as  in  the  figure,  took  the  seme  incliuatiDn 
U  it  has  on  the  north  side.  The  bed  would  then  be  at  f  , 
ud  would  continue  to  be  to  the  west  of  K,  at  exactly  the 
wne  level  on  both  sides  of  the  plane  A  B  C  S,  or  the  fault 
would  disappear.  The  same  reeiilt  would  be  brought  about 
in  Fig.  84,  tt  the  throw  of  the  fault  AF  QR  was  10  yards. 
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out  of  faults,  and  this  must  be  brought  about  in  Bome  si 
manner  as  has  been  described.  Frequently  a  largo  fault 
splits  up  near  its  termination  into  a  number  of  brandies, 
each,  of  which  gradually  dies  away. 

If  the  beds  have  a  different  strike  on  oppoaite  sides  of  a 
fault,  and  the  line  of  the  latter  is  parallel  to  the  strike  on 
one  side,  its  throw  will  nooeesarily  vary  in  edze. 


Fig.  SB. — Sionos  aloho 


For  instance,  in  the  ground  plan  in  Fig.  85  ve  have  cr^ 
tho  south  side  of  the  fault  a  persistent  easterly  strike  m.^ 
a  dip  to  the  north ;  on  the  north  of  the  fault  the  strik^M 
gradually  changes  from  an  easterly  directiMi  <m  the  oeh: 


Fig  S7  — SionoM  iLona  thb  Ltra  CD  a  Fro  8S 


side  to  a  north-westerly  trend  on  the  other.     The  faal-' 
runs  east  and  west,  or  parallel  to  the  strike  of  the  beds  oC 
its  south  side.     The  consequence  is,  that,  as  we  go  to  th^ 
west,  we  find  the  bed  7  brought  against  lower  and  loweC 
members  of  the  series,  or  the  downthrow  of  the  fault  in-- 
creases.     The  increase  in  size  will  be  evident  from  com' 
paring  the  two  sections  A  B  and  C  B;  in  the  first  the 
bed  7  is  brought  on  a  level  with  the  bed  3,  in  the  second 
it  has  been  still  further  let  down  so  that  it  is  on  a  lerti 
with  the  lower  bed  1.     It  is  worth  notice  that  if  we  had 
tioDS  to  the  neighbourhood  <^  th« 


confined  our  iavestigatioDS  t 
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line  A  B,  There  th«  beds  hare  the  same  strike  on  both 
sides  of  the  fault,  and  the  latter  Taugea  along  the  strike,  -we 
should  not  hare  detected  the  existence  of  the  beds  3,  2, 
and  1 ;  and  unless  the  fault  had  been  actually  seen,  we 
might  not  have  become  aware  of  its  existence,  and  might 
haTe  supposed  the  beds  on  its  south  side  passed  under  4, 
iufltead  of  really  lying  a  long  way  above  that  bed. 

XAot  of  Fanlta  on  Outcrop. — It  is  very  important 
that  the  practical  geologist  should  clearly  realise  the  effect 
wliich  faults  have  in  shifting  the  outcrop  of  a  '  — ' 


In  Fig,  88,  AB  CDEia  the  surface  of  the  ground,  sup- 
posed, for  simplicity's  sake,  horizontal ;    G  E  L  If,  the   . 
SAa.'aa  of  a  fault;   B  E  L  F,  A  K  H  G,  •Ctiv,  positio 


the  same  bed  on  opposite  sides  of  the  fault,  the  measures 
ovetlying  the  bed  being  supposed  to  have  been  removed. 
■fi*  J),  the  interaection  of  die  bed  with  the  surface  on  the 


I'iEHsaBt  side  of  the  fault,  showa  its  outcrop  on  that  side ; 
5M-t  it  is  clear  that  after  having  been  thrown  down  into 
''*■*  position  A  0  H  K  it  wUl  not  reach  the  surface  till 
^«»ie  way  to  the  left  of  E  D,  such  bs  at  ^  G.  That  is 
^    Ray,  OH  the  dotoncoit  tide  the  outcrop   it  tkifted  tawardt 

If  we  knew  the  angle  of  the  dip,  it  is  evident  that,  by 
'^^asuring  the  horizontal  displacement  ff  E,  we  could  cal- 
culate, the  vertical  throw  of  the  fault.  The  smaUer  the 
^p  the  (Plater  will  be  the  amount  of  the  shift,  and  the 
"uj  case  in  which  the  outcrop  will  not  be  shifted  ia  when 
fte  beda  are  absolutely  vertical. 

If  the  surface  of  the  ground  be  undulating,  the  displace- 
ments of  the  outcrop  will  become  more  complicated ;  but 
llie  above  rule  will  always  hold  good  except  when  the 
ground  slopes  in  the  same  direction  as  the  beds  dip  and  at 
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a  larger  angle,  when  the  horizontal  shifting  of  the  outcrop 
will  be  towards  the  dip. 

Miners  use  the  term  ''  heave  "  to  describe  the  horizontal 
displacement  of  an  outcrop  by  a  fault.  Faults  will  heafe 
not  only  beds  but  any  otner  divisional  planes  traveising 
the  rocks ;  thus,  if  faults  themselves  have  been  fonned  at 
different  times  and  cross  one  another,  the  one  last  prodnoed 
will  heave  all  of  earlier  date  which  are  not  absolutelj 
vertical.   Mineral  veins  are  ''  heaved"  in  a  similar  maimer. 

It  is,  perhaps,  in  the  case  of  a  group  of  mineral  veins  that 
the  effect  of  a  "heave  "  becomes  most  oonspicuouB.  li© 
whole  of  the  rocks  of  a  district  appear  in  such  a  case  to 
have  been  bodily  shifted  in  a  horizontal  direction.  Bot 
the  reasoning  just  gone  through  shows  that  there  need  not 
have  been  any  horizontal  motion  whatever,  and  that  the 
shift  may  be  due  to  a  displacement  which  was  entirely 
vertical.  If  we  know  the  amount  of  the  vertical  throw 
and  the  dip  of  the  heaved  bed  or  vein,  we  can  calculate 
the  amount  of  horizontal  shift  that  would  result ;  and  ii 
the  observed  shift  agrees  with  the  calculated  displacement, 
the  throw  of  the  fault  must  have  been  altogether  in  a  ver- 
tical direction.  But  it  must  not  be  assumed  that  the  diB- 
placements  produced  by  faults  are  always  wholly  vertical; 
it  is  conceivable,  nay,  highly  probable  in  those  cases  wher® 
the  rocks  have  been  subjected  to  powerful  horizontal  ooifl- 
pression,  that  horizontal  motion  may  have  taken  place,  and 
tliat  beds  may  have  been  moved  not  only  up  and  down,  hut 
also  to  and  fro  on  opposite  sides  of  a  fault. 

Indirect  Evidence  for  Faults. — We  have  sometime 
the  good  luck  to  see  faults  in  actual  section,  as  in  Figs*  '^^* 
80,  and  81,  which  are  aU  sketches  from  nature.  J3at  ^ 
many  cases  the  geologist  has  to  infer  the  presence  of  fatd^ 
from  circumstances  connected  with  the  lie  of  the  beds  whic«^ 
cannot  be  explained  any  other  way. 

Thus  the  shifting  of  the  outcrop  of  a  bed  is  proof  positit® 
of  a  fault ;  and  by  noting  where  the  outcrops  of  successive 
beds  are  broken  and  heaved,  we  get  a  series  of  points  oi^ 
the  fault,  and  can  lay  down  its  line. 

There  is  another  way  in  which  we  are  often  enabled  to 
infer  the  presence  of  a  fault  that  is  nowhere  actually  seen, 
which  will  be  understood  by  a  reference  to  Fig.  85.  In 
the  district  of  which  that  woodcut  is  a  geological  map,  the 
group  of  beds  numbered  1  to  5  run  up  one  after  the  other  to 
the  outcrop  of  the  bed  7,  and  end  off  against  it.  Now  this 
abrupt  termination  of  the  outcrops  of  the  beds  1  to  5  maybe 
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Produced  in  two  ways :  there  maj  be  a  fault,  as  is  actually 
lie  case  in  the  instance  before  us,  ranging  along  the  line 
rhere  the  outcrops  are  stopped  off ;  or  there  may  be  be- 
ween  the  ^roup  1  to  5  and  tne  bed  7,  what  is  known  as  an 
inoonf  omut^  the  meaning  of  which  term  will  be  explained 
Q  Section  YI.  of  the  present  chapter.  But  if  we  are  sure 
here  is  no  unconformity,  then  such  behaviour  of  the  out- 
sops  as  is  shown  in  the  figure  can  be  explained  in  no 
ther  way  than  by  a  fault. 

"We  may  also  infer  the  presence  of  faults  in  cases  such  as 
he  following,  and,  if  we  take  due  care,  our  conclusions 
oay  be  as  scdfely  relied  upon  as  if  we  had  actually  seen  the 
amt  itself.  If  from  a  study  of  sections  we  establish  the 
act  that  a  certain  bed.  A,  is  always  found  beneath 
jioilier  bed,  J9,  and  then  find  at  any  spot  A  dipping  so  as 
o  abut  against  or  pass  over  J9,  and  if  hy  no  possiUe  contor- 
tan  or  inversion  B  (xnUd  he  got  to  pass  under  A^  then  there 
Qiist  be  a  fault  between  them. 

Fi^.  89  and  90  will  illustrate  the  line  of  reasoning  pur- 
sued in  such  cases.  If  we  go  northwards  from  Filey  Brig 
dong^  the  Yorkshire  coast,  we  find  a  beautiful  series  of  sec- 
aons  in  the  cliffs,  which  show  beds  coming  out  one  from 
under  the  other  in  the  following  order : — 

4.  Sandy  limestone  and  Calcareous  Sandstone.     Coral- 
line Oolite. 
8.  Blue  Sandy  Clay.     Oxford  Clay. 
2.  Calcareous  Sandstone.    Kelloway  Eock. 
1.  Sandstones  and  Shales. 

We  follow  the  lowest  division,  and  find  it  forming  a 
fteries  of  headlands  seen  in  the  most  distant  parts  of  the 
view,  and  after  passing  these  we  enter  the  southern  part  of 
Cayton  Bay,  a  sketch  of  which  seen  from  the  north  is 
given  in  Fig.  89.  The  darkly-coloured  promontories  about 
we  middle  of  the  coast  line  are  formed  of  the  Sandstones  ( 1 ) ; 
then  comes  a  portion  of  the  cliff  more  moundy  in  outline, 
where  a  thick  mass  of  stony  Clay  descends  to  the  sea-level 
and  hides  the  bedded  rocks  from  view.  Between  this  ob- 
icure  groimd  and  the  spectator  rise  the  bold  Lebberston 
Cliffy,  which  we  recognise  at  a  glance  to  be  composed  of 
our  old  acquaintances  Coralline  Oolite,  Oxford  Clay,  and 
Eelloway  Kock.* 

*  In  the  sketch  the  first  is  left      and  a  dark  bed  of  Kelloway  Bock 
nearly  white,   the  Oxford  Clay      sticks  out  at  the  bottom, 
li^  with   streaks  of  bedding, 
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The  dip  is  quite  perceptible  even  from  a  distance ;  and  if 

we  carry  on  the  lines  of  bed- 
ding in  the  headlands  beyond 
the  clay-covered  interval  up  to 
i  \^  Lebberston  GlifP,  we  see  that, 

K  l^  80  far  from  the  Sandstones  of 

the  former  passing  beneath 
the  Kelloway  Bock  of  the  lat- 
ter, as  we  found  was  the  case 
in  the  normal  unbroken  section 
to  the  south,  they  would,  if 

Is  Fll  ^  ^   ^^^^  retained  the   same  dip, 

SS"  trl  A  u   abut  against  the  Oxford  Clay. 

The  first  question  we  ask  our- 
selves is,  whether  the  Sand- 
S   stones  may  not  bend  over  ra- 
S  S!:   pidly  to  the  north  beneath  the 
•g  3   clay-covered  ground,  then  re- 
^  ^   sume  their  old  dip,  and  so  come 
I  g   into  their  proper  position  be- 
^  S   neath  Lebberston  Cliff  ?    But 
we  can  detect  no  symptoms  of 
the  abrupt  changes  of  dip  re- 
quired  by   this    supposition, 
and,  what  is  more,  when  we 
tost  the  idea  by  actual  mea- 
surement, wo  find  that  by  no 
^   lending  however  abrupt  could  the 
<^   whols  thickness  of  the  group  (1) 
^    be  got  in  between  the  points  where 
^    the  clean-cut  sections  on  the  north 
^  and  south  terminate. 

One  explanation  alone  re- 
mains, namely,  that  the  rooks 
of  Lebberston  Cliff  have  been 
let  down  against  the  Sand- 
stones by  a  fault,  and  we  ac- 
cordin^y  construct  our  section 
as  in  Fig.  90,*  and  restoring 
by  the  dotted  lines  the  parts 
which  have  been  carried  away 

*  It  vQl  he  ohterved  that  the  up  hy  the  stony  Clay  already 

deep  holow  on  the  section  to  the  mentioned,  which  caps   all   the 

•oath  if  Lebberston  Cliff  does  distant  cliiEi,  but  is  omitted  in 

■ok  edfi  in  the  view.    It  is  filled  the  section  to  avoid  confosion. 


^     a 


as 
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hj  denucU^on,  we  find  that  the  halt  bzings  the  btisel 
the  Kellowaj  Bock  just  on  a  level  with  that  of  the  Gonl- 
line  Oolite,  or  that  its  throw  is  equal  to  the  oombmed 
thickness  of  the  Oxford  day  and  Kdlowaj  BocJL 

Evidence  as  complete  as  that  just  fi:iven  may  he  ahriji 
safely  accepted  as  unquestionable  proof  of  faulting ;  batth« 
observer  must  be  on  his  guard  agamst  jumping  too  hastQf  to 
conclusions  in  such  cases,  and  must  not  call  in  a  fauh  to  ih 
him  out  of  a  difficulty  till  he  has  thoroughly  satisfied  hisuea 
that  the  relativeposition  of  the  beds  can  be  explained  in 
no  other  way.  Where  a  fault  is  only  one  way  out  of  eevenl 
of  explaining  observed  facts,  it  may  yet  be  the  belt  mj 
and  its  presence  highly  probable ;  but  the  observer  nn^ 
endeavour  to  obtain  additional  evidence  sufficient  to  pot 
the  question  beyond  reasonable  doubt  before  adcjtJDgi 
fault  as  the  final  solution. 

SECTION  v.— HOW  THE  DISPLACEMENTS  OP  TBI 
ROCKS  WERE  PRODUCED. 

Such  is  an  outline  of  the  displacements  wLdi  Kxto 
have  undergone.  We  may  next  inquire  how  liey  wo* 
produced,  and  this  inquiiy  naturally  falls  inder  two 
neads.*  The  first  is  purely  geometrical,  and  (sb  yf^ 
was  the  kind  of  motion  by  which  they  were  brou^  aboo^^ 
The  second  is  mechanical,  and  inquires  what  were  the 
forces  that  caused  that  motion  ?  Tlie  first  queitioa  roxf 
be  treated  of  here,  the  second  falls  to  be  consideisd  in  p^ 
in  Chapter  XI. 

Character  of  the  Xowements. — ^It  is  evideit  that  the 
movements  to  which  uplifting  and  tilting  were  die  oaa&o^ 
have  gone  on  everywhere  to  the  same  extent.     "Rucks  hft^ 
been  raised  higher  and  more  violently  disturbed  at  soD* 
spots  than  at  others.     The  next  question  is,  wai  the  dtf* 
turbance  sudden,  and  confined  to  certain  lines  o?  centieei 
so  that  the  rocks  were  snapped  and  raised  at  a  Inund  ioto 
the  positions  they  now  occupy  ?    Or  was  the  disflaoemeo^ 
widespread,   and  varying  continuously  in  amoint  froi^ 
place  to  place,  so  that  it  reached  a  maximum  alonr  certtfS* 
unes  or  around  certain  centres,  and  died  away  graiuaUyi^ 
it  receded  from  them  ? 

Experience  is  against  the  first  supposition ;  for,  althotg^ 

*  Oorresponding  to  the   two      ics,  or  the  idaiioe  of  moaos  tf^ 
fabdiTisioDB  of  the  mechanics  of     the  eclenoe  of  toop. 
motioDy  Einematioa  and  Dynam* 
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tihero  are  instanoeB  of  sudden  and  local  npheayal  produced 
by  earthquakes,  by  far  the  larger  number  of  the  cases  of 
oscillation  that  have  been  observed  extend  over  large  areas, 
and  Taiy  in  amount  and  direction  continuously. 

What  is  more,  connected  observations  of  the  lie  of  rocks 
oyer  a  large  area  furnish  evidence  of  the  strongest  kind 
in  faTOur  of  the  second  supposition.  Isolated  measure- 
ments show  us  beds  dipping  here  in  one  direction  at  one 
axi^^,  and  there  in  another  direction  at  another  angle. 
Now,  suppose  that,  when  we  have  amassed  a  sufficient 
number  of  such  observations,  we  endeavour  to  determine 
from  them  what  must  be  the  underground  course  of  the 
rocks  in  order  that  they  may  come  out  at  each  spot  where 
they  are  seen  with  the  observed  dip  and  direction,  and  so 
to  aniTe  at  a  general  view  of  the  geological  structure  of  a 
oountiy.  Whenever  we  do  this,  we  find  that  we  can 
account  for  the  observed  facts  only  on  one  supposition,  and 
that  is,  that  the  rocks  have  hem  folded  into  a  series  of  troughs 
mnd  arches,  or  throum  into  domes  and  basins.  This  is  the 
great  general  law  which  governs  everywhere  the  arrange- 
ment of  the  disturbed  portions  of  the  earth's  crust. 

Faulting,  or  violent  contortion  and  inversion,  often  com- 
plicate and  obscure  this  structure  and  interfere  with  its 
aynmietry,  but  never  to  such  an  extent  as  to  prevent  its 
being  recognised  as  the  great  leading  feature  in  the 
Bzrangement  of  the  rocks.  Disturbances  such  as  these 
ia^  are  therefore  of  the  nature  of  accidents,  and  if  we 
eUminate  them,  and  try  to  form  a  broad  g^eneral  view  of 
the  lie  of  the  beds  under  a  large  area,  it  is  the  structure 
just  mentioned  that  invariably  comes  out.* 

We  may  say,  then,  that  wherever  we  find  beds  inclined 
to  the  honzon,  we  are  somewhere  on  the  slope  of  an  anti- 
olinal;  and  wherever  the  beds  of  a  rock  group  that  has 
undergone  disturbance  lie  flat,  we  are  on  the  crest  of  cm 
ttnti^^^^""^,  or  at  the  bottom  of  a  synclinal,  or  on  one  of  the 
horizontal  portions  of  the  minor  bendings  that  are  ever 
occuiring  here  and  there  in  the  sweep  of  the  grand  curves. 

Whatever  may  have  been  the  forces  to  which  this 
arrangement  has  been  due,  it  is  quite  evident  that  the 
movement  which  produced  it  cannot  have  been  local,  but 
must  have  prevailed  as  universally  as  the  folding  itself ; 

*  It  18  hardly  possible  fbr  any  tho  grounds  on  which  this  asser- 

one,  who  has  not  gone  through  a  tion  is  based ;  but  every  geolo- 

oomne   of    practical    geological  gist  of  experience  soon  comes  to 

irork  in  tiie  field,  to  r^dise  mlly  find  out  the  trvth  of  it. 
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and  the  ffenerally  regalar  character  of  the  result  ahats  out 
completely  the  idea  of  a  yiolent,  convulsiye  actioii,  though 
faultmg  and  contortion  point  to  ooncentration  of  energy 
aroima  the  spots  where  they  occur. 

All  the  observed  facts,  therefore,  are  decidedly  in  the 
teeth  of  the  first  solution,  and  strongly  in  favour  of  tJie 
second.  « 

Folding  would  produce  botli  Elevation  and  Bipr- 
Folding  such  as  we  have  described,  of  oourse,  neoeesarilj 
involves  tilting,  and  all  the  different  fonns  of  indin&tit^ 
which  have  been  described  as  occurring  in  nature.    And  it 
is  dear  that  it  would  also  produce  both  elevation  and 
depression,  the  one  when  portions  of  the  earth's  crust  9^ 
carried  aloft  on  the  summits  of  arches,  the  other  when 
portions  are  sunk  into  troughs ;  and  it  is  highly  proba^^^ 
that  the  great  leading  physical  features  of  the  globe  w®^ 
in  the  first  instance  marked  out  by  movements  of  ^ 
character — ^that  mountain   chains  follow  lines  of  sh^. 
crumpling,   continental  areas  repose  on  the  summits  ^^ 
broad  arches,   and  oceanic  depressions  run  along  vi^^ 
troughs.*    But  the  reader  must  not  jump  to  the  condusi^ 
that  all  hiU  ranges  coincide  with  antidinals  and  all  yall^^ 
with  synclinals.    We  shall  see  in  the  next  chapter  that       . 
most  cases  the  reverse  of  this  is  true,  and  that  the  pres^^-^ 
surface  of  the  ground  is  largely  due  to  denudation — acti^^ 
while  the  folding  was  going  on,  or  after  it  was  finished — ^ 
which  has  immensely  modified  the  forms  that  would  ha   ^^ 
resulted  from  elevation  alone.  ^^ 

Birection  of  the  Folding  Force. — Our  next  imnn^^^^ 
is,  in  what  direction  did  the  force  act  which  brought  abo 
the  foldings  and  dii^placements  that  have  been  describ 
in  the  preceding  pages  ?  ^^ 

There  are  two  perfectiy  distinct  methods  by  which  the^^^, 
results  might  be  produced.    The  very  word  elevation  su^^S 
gests  the  notion  of  a  force  that  acted  from  below  vertietSr^^ 
upwards.    In  order  to  produce  folds  all  that  is  necessaiy 
that  this  force  should  not  act  with  equal  intensity  oyer  th 
area  affected  by  it.    Along  anticlinal  lines  it  must  be 
a  maximum,  and  it  must  gradually  decrease  in  intensi^ 
from  there  down  to  each  syndinad  line,  along  which  i 
must  have  its  least  value,     ^e  way  in  which  an  action  o': 
this  sort  would  produce  elevation  and  folding  is  fthown  i 
Fig.  91. 

*  Some  objections  to  the  last  two  Btatements  will  bo 
Chaptei  XI. 
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Let  P  Q  be  the  surface  of  an  imdisturbed  bed,  and  let 
a  force  tending  to  raise  the  bed  Tertically  upwards  be 
exerted  from  beneath  in  the  direction  of  the  arrows ;  lot  A 
and  B  be  points  where  the  force  has  maximum  value,  C 
an  intermediate  point  where  it  is  at  a  minimum.  Then, 
while  A  and  B  are  raised  to  a  and  hy  C  will  only  reach  to 
a  less  height,  e,  the  points  P  A  C  B  Q,  will  be  lifted 
into  some  sudi  positions  as  ^  a  c  h  q,  and  two  anticlinals 
a  synclinal  oetween  them  will  be  formed. 


a 

A |a [c |b 


Fig.  91. — Folding  pkodugxd  by  Vehtical  Up-thrust. 

But  all  the  results  we  have  been  considering  might  also 
"be  equally  well  produced  in  the  following  way. 

Suppose  the  bed  A  B  to  he  subjected  to  a  horiaonial 
thrust  acting  in  the  direction  of  the  arrows  in  Fig.  92.  The 
effect  would  manifestly  be  to  cnmiple  it  up  into  the  shape 
9  c  d  eh,  and  we  should  again  get  a  series  of  anticlinals 
and  synclinals. 


Fig.  92. — ^Folding  pboducxd  bt  Horizontal  Thrust. 

We  have  to  choose,  then,  between  these  two  explanations, 
^nd  to  adopt  as  the  most  probable  the  one  which  accounts 
for  the  greatest  nimiber  of  observed  facts. 

Now  as  far  as  the  formation  of  symmetrical  arches  and 
troughs,  like  those  in  Fig.  91,  goes,  one  way  is  as  good  as 
the  other ;  but  when  we  come  to  anticlinals  where  the  rocks 
are  doubled  under  on  the  steeper  side,  to  complicated  con- 
tortions and  puckerings,  and  to  the  inversions  which  are 
their  results,  vertical  upheaval  is  manifestly  quite  unable  to 
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produce  theee,  vliQe  on  the  other  hand  they  am  just  Hie 
fonus  that  would  result  from  lateral  thniBt.  It  is  imposoible, 
far  mstoDce,  that  the  arrane;ement  oi  the  beds  in  the  section 
UiCTOSB  the  Appalanhianfl  in  Fig.  68  could  have  been  brought 
about  by  a  force  acting  Tortically  upwards.  There,  not  odj 
are  some  of  the  arche«  uneymmetneal  and  suuto  tilt^  over, 
but  in  the  first  the  Bteepe»t  sides  alt  face  the  same  way, 
towards  the  weet,  and  in  the  aecond  the  tilt  has  been  in 
every  case  in  the  same  direction.  We  also  notice  that  the 
^larpeat  benda  are  at  the  eastern  end,  and  that  the  folding 
grows  gradually  less  sudden,  and  the  curves  open  out  aa 
we  go  towards  the  west.  These  are  just  the  results  that 
woiud  follow  if  a  group  of  horizontal  strata  were  crumpled 
up  by  a  powerful  thrust  which  acted  from  east  to  weet* 

At  the  east  end  of  the  section,  then,  there  con  hardly  be  a 
doubt  that  horizontal  pressure  and  not  vertical  upheaval 
has  bcpn  Ihf  producitif^  cuiise  :  and  tlifre  ia  such  a  gradual 
jiitSNiige  froui  tin"  vii)li>iit  disturban'"™  of  tliiit  tijid  iiito  the 
more  symmetrical  folds  of  the  western  end,  that  we  must 
admit  that  whatever  caused  the  one  must  also  have  produced 
tlie  other. 

Evidence  like  this — and  similar  cases  might  be  brought 
forward  without  number — is  strongly  in  favour  of  the 
second  explanation. 

Another  test  that  readily  suggests  itself  is  this.  In  Fig. 
91  the  bod  A  B  must  be  pulhd  out  to  bring  it  into  the 
position  0  c  i  ;  in  Fig.  92  it  must  be  compressed.  If,  then, 
we  have  any  means  of  learning  whether  folded  strata  have 
been  ttreteked  or  compressed,  we  shall  m.ake  some  way 
towards  deciding  between  the  rival  hj-potheses. 

We  may  first  consider  whether  the  amount  of  stretching 
required  by  the  hypothesis  of  vertical  upheaval  is  such  as 
we  can  reasonably  suppose  rocks  capable  of. 

In  the  case  of  broad  open  arches  and  basins  porhaps  no 
difficulty  would  arise  on  this  ground;!  b"'  where  rocks 
have  been  sharply  bent  into  folds  which  follow  one  another 
in  rapid  succession,  they  would  have  to  be  pulled  out  to 
many  times  their  original  length  to  bring  them  into  their 
present  shape.      Even   supposing  rocks  as  extensible  aa 

•  8illimui'«  Jouni.,  lit  serie*,  (cale  ftcn»i  dittricU  where  they 

zlix.  'JS4.  occur,  «uch   aa  HorJEonUl  Sac- 

t  The  M&der  will  realise  how  tions,  SbeoU   77  and  79  of  tha 

vet7  Blight  is  the  curvature  of  Geologictl    Survey  of    Engluid 
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india-mbber,  morease  in  lens^  must  be  attended  bj  a 
oonnesponding  decrease  in  thickness,  and  therefore  a  group 
of  rocks,  when  sharply  folded,  ought  to  appear  to  be  more 
thinly  bedded  than  in  their  undisturbed  position.  But  if 
we  take  a  group  of  rocks  which  lie  undisturbed  at  one 
spot,  and  are  yiolently  contorted  at  another,  we  do  not  find 
tne  beds  thinner  at  the  latter  than  at  the  former.  In 
reality,  however,  rocks  are  only  slightly  extensible,  and  it 
is  utterly  out  of  the  question  to  suppose  that  they  could 
poesibly  have  been  dragged  out  to  the  extent  necessary  to 
bring  tbem  into  their  present  form  by  vertical  upthrust.* 

No  such  difficulty  accompanies  the  squeezing  hypothesis: 
a  band  of  rock,  which  when  horizon^  was,  say,  a  mile 
long,  is  forced  to  occupy  a  smaller  space,  say,  three-quarters 
of  a  mile,  and  the  only  way  in  which  this  could  be  done  is 
by  puckering  it  up  into  folds. 

Again,  the  phenomena  of  cleavage  go  altogether  in  favour 

of  lateral  thrust.     All  cleaved  rocks  are  strongly  contorted, 

and  the  planes  of  cleavage  are  parallel  to  the  longer  axes 

of  tlie  great  folds.     Now  the  structure  of  cleaved  rocks 

^ves  proof  positive  that  they  have  been  compressed  in  a 

direction  perpendicular  to  the  cleavage  planes,  or,  what  is 

the  same  thing,  to  the  axes  of  the  folas.     Lateral  pressure 

therefore   has   acted   on  cleaved   rooks,  and  it  has  acted 

easacOy  in  ike  right  direction   to  produce  the  existing  folds. 

'Wlien  we  see  that  the  rocks  have  been  folded,  and  when 

'we  know  that  they  have  been  acted  on  by  a  force  competent 

to  produce  that  folding,  we  cannot  refuse  to  believe  that 

time-  one  has  been  the  cause  of  the  other.     In  the  case  of 

cleared  rocks,  then,  it  is  as  nearly  as  can  be  a  certainty 

they  were  bent  into  their  present  form  by  lateral 


The  late  Mr.  W.  Hopkins  was  one  of  the  ablest  sup- 
porters of  the  vertical  upheaval  theory,  and  his  papers  f  on 
tlije  subject  are  still  well  worthy  the  attention  of  fiie  student 
^rf    Dynamical  Geology,    though  many  of  the  geological 

a  minions  which  he  held  have  been  long  since  given  up. 
« tried  to  g^  over  the  objections  stated  in  the  last  few 
C^^^es  by  pointing  out  how  contortion,  and  faults  as  well, 
^^^ii^ht  result  from  vertical  upthrust.      He  supposed  the 

^  See  a  very  ingenious  paper,  f  Researches  in  Physical  Geo- 

^^  the  stretching  which  has  taken  logy,    Camhridge    PhiL    Trans- 

B^^ce  in  distorhed  rocks,  hy  Mr.  actions,  1835  ;  Report  on  Earth - 

^  Jm,  Jack,  G^logical  Magazine,  quakes    and   Elevation,    British 

""^^   88a.  Association,  1847. 
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uplifted  area  to  be  acted  on  imdemeaUi  by  a  force,  such 
would  be  produced  by  the  expansion  of  a  body  of  bi^^;.^ 
beated  elastic  vapour,  and  determined  by  matbematici  J^  J 
calculation  what  would  be  the  direction  of  the  rents  f  onne^BAi 
when  the  rock  was  stretched  up  to  the  breaking  poinfl^tti 
and  fissuring  took  place.    He  found  that  in  a  rectanyiiln    ^t 
area  two  sets  of  parallel  fissures  would  be  produced,  an«^ — id 
that  the  common  direction  of  one  set  would  be 
dicular  to  that  of  the  other  set. 

Now  suppose  A  B  C  Dy  Fig.  93  to  be  a  croes  section 
one  of  the  arches  which  has  been  fractured  along  the  lin< 
E  F,  Q  H,  K  L,  M  N;  then  the  pressure  on  these 
such  as  O  H  L  Ky  which  are  broadest  below,  would 
ereater  than  in  such  9i&  E  F  Q  S;  the  fonner  would  the: 
fore  bo  driven  upwards,  the  fractured  portions  would 
forced  into  some  such  positions  as  in  Fig.  94,  and  fiiul^^AIts 


Fig.  98. 

would  be  produced  with  a  hade  to  the  doumthrow  eide,  as  ir^  -"^ 
the  general  rule  in  nature.     The  same  result  would  folloi 
if  elevation  went  on  till  the  cracksgaped ;  for  then  it  woi ' 
be  the  wedges,  such  as  E  F  O  M,  which  have  their 
rowest  ends  downwards,  that  would  sink.     As  far  as 

g\y  then,  the  explanation  will  do  well  enough,  and  Mr. 
opkins  has  pointed  out  that,  at  a  future  stage  of  th( 
process,  contortion  as  well  might  be  produced  in  the  fol- 
lowing manner : — Suppose  that,  when  the  rocks  had  cpme 
into  uie  position  shown  in  Fig.  94,  the  elevating  force 
ceased  to  act,  and  the  shattered  mass  settled  down ;  a 
horizontal  thrust  would  then  be  produced,  which  would 
increase  indefinitely  as  the  arch  flattened.  The  broken 
portions  would  be  jammed  against  one  another  and  their 
beds  cnmipled  up  and  contorted ;  it  might  also  well  hap- 
pen that  a  wedge  like  EFOH  would  be  forced  upwmrds 
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fcj  the  nip  of  the  two  adjoining  masses,  and  in  this  way 
rmftned  faulU,  such  as  accompany  violent  contortion,  might 
result. 

In  this  way  faults  might  be  produced,  and  their  direction 

and  hade  would  be  the  same  as  in  existing  faults.     Some 

d^;ree  of  contortion  might  also  be  brought  about.    But 

the  machinery  would  hwily  be  able  to  effect  the  amoimt 

of  widespread  and  complicated  contortion  so  frequently  met 

^th,  specially  in  mountainous  districts,*  nor  to  produce 

cleavage  over  areas  hundreds  of  square  miles  in  extent. 

Wo  can  scarcely  conceive  portions  of  the  earth's  crust, 

^large  enough  to  produce  these  results,  being  tilted  bodily 

^>ver  in  the  manner  this  explanation  requires.     In  fact, 

-awhile  Mr.  Hopkins  has  clearly  realised  that  contortion  in- 

lv66  horizontal  thrust,  the  means  he  proposes  for  gene- 


Fig.  94. 


_  that  thrust  seem  inadequate  to  produce  it  over  areas 

^^Xifficaently  large. 

Faults  then  might  follow  from  vertical  upthrust ;  it  is  not 

easy  to  see  how  they  would  be  produced  by  compression* 

mre  would,  it  seems  at  first  sight,  have  a  tendency  to 

le  up  any  rents  that  existed  rather  than  to  open  new 

and  even  supposing  fissures  were  produced  and  the 

on  opposite  siaes  of  them  displaced,  the  motion  would 

_  in  sucn  a  direction  that  a   ** reversed"  fault  would 

*^^  produced.    For  let  A  C  B  ach  (Fig.  95)  be  an  arched 

^^Ktftnm  traversed  by  a  fissure,  D  C^  P  the  direction  of  the 


Somewfaat  similar  objections 
to  an  explanation  put  for- 
bj  Mr.  Wilson  in  the  QtooL 
Dne,  Y.  207  ;  his  fiffures 
thai  his  method  would  not 


produce  crumpling  enough.  Mr. 
Wilson's  explanation  of  the  cause 
of  &ult8  is  substantially  the  same 
as  that  given  above. 
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orampling  force ;  then  it  is  dear  that,  if  P  is  appromnatdj^^ 
horizontfid,  its  resolved  oomponent  parallel  to  C  Z>  will  tone 
upwu^  from  D  to  C,  and  the  portion  A  C  e  a  will  be 
pushed  up,  a  displacement  w]iic3i  would  give  xise  to 
reyersed  fault. 

It  certainly  looks  as  if  stretching  were  neoessaiy  for  th^ 
production  of  fissures,  and  as  if  the  law,  that  a  fault 
hades  towards  the  downcast  side,  could  only  be  aoooimi 
for  on  the  supposition  that  the  depressed  rocks  had  sli< 
doum  the  incline  of  the  fissure.    But  the  great  weight  o^« 
evidence  against  vertical  upheaval  prevents  our 
that  as  the  cause  of  the  stretching. 

And  stretching  would  in  the  end  result  from 
pressure  if  the  process  were  carried  far  enough.    As  hm 
as  tlie  length  of  the  arc  A  C  B  did  not  exceed  that  of 
bed  in  its  unbent  state  there  would  be  no  stretching ;  b 
as  the  underlying  rocks  were  gradually  arched  up  into 
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space  a  ehj  thoy  might  prevent  the  points  a  and  h  approach- 
ing one  another,  and  still  tend  to  drive  the  crest  of  we  arch 
higher  up,  and  their  upward  motion  could  go  on  only  by 
means  of  the  stretching,  and  at -.last  rending,  of  the  upper 
layers  of  the  arch.  This  would  give  fissures,  and  we  may 
imagine  in  a  vague  sort  of  way  that  the  severed  portions  of 
the  arch  might  get  displaced  relatively  to  one  another  in 
various  ways.  The  displacement  might  be  due  to  lateral 
pressure,  in  which  case  we  have,  seen  the  faults  would  be 
reversed ;  it  might  be  due  to  portions  being  forced  up  by  the 
upward  motion  of  the  interior  of  the  arch,  in  which  case 
there  seems  no  reason  why  the  hade  should  be  towards  one 
side  rather  than  the  other ;  again,  at  a  considerable  depth 
the  pressure  would  probably  heat  the  rocks  till  they  became 
plastic  or  half  melted,  and  portions  of  the  shattered  upper 
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park  miglit  smk  down  into  the  soft  bed,  in  which  case  the 
mult  would  have  the  normal  hade.  It  is  impossible,  how- 
e?er,  to  delude  oneself  into  the  belief  that  Icune  and  orude 
explanations  like  these  are  satisfactory ;  probably  we  have 
yet  yery  much  to  learn  about  faults  before  we  can  frame  a 
theory  which  will  account  on  mechanical  prindplee  for 
their  production  and  the  law  of  their  hade. 

Smmnary  of  the  Evidence. — The  evidence,  then,  by 
which  we  must  decide  between  vertical  upthrust  and  lateral 
pressure  stands  as  follows. 

Tiltii^and  symmetrical  folds  would  result  equally  i^m 
either.  Vertical  upheaval  is  capable  of  giving  rise  to  faults, 
and  indirectly  to  some  degree  of  contortion ;  and  in  the 
faults  produced  in  this  way  the  observed  law  of  hade  would 
generally  prevail,  those  faults  only  being  **  reversed " 
which  accompany  great  contortion.  But  no  vertical  up- 
heaval could  bring  abdht  the  widespread  and  excessive 
crumpling  which  so  constantly  presents  itself,  while  this  is 

i'ust  me  arrangement  that  would  follow  from  lateral  thrust. 
j'urther,  the  amount  of  stretching  required  by  the  hypo- 
thesis of  vertical  upheaval  is  far  greater  than  can  be 
Hdmitted.  Lastly,  cleavage  furnishes  proof  that  rocks  have 
been  subjected  to  just  the  very  pressure  requisite  to  bend 
them  into  the  folded  forms  they  have  assimied.  The  only 
displacements  we  cannot  thoroughly  explain  by  moans  of 
<2omm«ssion  are  faults. 

While,  therefore,  some  of  the  observed  facts  can  be 
Accounted  for  equally  well  on  either  hypothesis,  there  are 
^nany  which  compression  alone  could  produce ;  indeed,  the 
^^oly  one  of  which  the  latter  fails  to  furnish  a  perfectly 
^Satisfactory  explanation,  is  the  direction  of  the  hade  in  a 
^^lonnal  fault.     The  present  state  of  our  knowledge,  there- 
fore, decidedly  tends  to  make  us  lean  to  the  side  of  lateral 
'^knut  as  the  kind  of  force  which  has  produced  the  dis- 
^^ilacements  we  are  considering ;  and  to  believe  that,  since 
^«he  balance  of  evidence  is  so  enormously  in  its  favour, 
^^wreased  knowledge  will  remove  the  only  bar  that  now 
^^xists  to  its  being  accepted  without  hesitation  as  a  full  and 
^^>erfect  explanation  of  the  cause  of  these  displacements. 
But  the  problem  is  far  from  solved.    Nimierous  weak 
in  the  explanations  given  will  occur  to  the  thoughtful 
r;  and  in  truth  we  can  so  little  realise  the  conditions 
^^Uider  which  the  process  of  contortion  went  on,  that  the 
5^<et  explanation  we  can  arrive  at  must  necessarily  be 
^^^3«nnplete  in  particulars. 

CC 
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Wliat  gave  rise  to  lateral  thrust  is  a  question  tliai  Uk 
to  be  considered  in  Chapter  XI. 

Foldixig  went  on  at  great  deptlis. — ^A  veiy  Utile 
reflection  will  convince  us  that  rocks  were  not  bait  into 
their  present  shapes  near  the  surface,  but  that  when  the 
process  went  on  they  were  buried  beneath  a  great  thidc- 
ness  of  strata,  which  has  since  been  carried  airay  I7 
denudation. 

In  the  first  place  we  have  positive  proof  that  all  foMed 
rocks  have  suffered  largely  from  denudation.  The  aidi« 
are  never  complete,  but  truncated  by  the  removal  of  po^ 
tions  of  the  upper  beds.  Almost  any  of  the  sections  m  ^ 
chapter  show  this,  and  in  Figs.  99  and  105,  the  miffiing 
parts  are  some  of  them  indicated  by  dotted  lines.  Faiite  tdl 
the  same  tale ;  their  course  would  be  marked  by  lines  of 
vertical  cliffs,  formed  of  the  beds  upheaved  on  die  upcast 
side,  if  it  had  not  been  that  these  have  been  swept  away 
by  denudation,  and  the  surface  pared  down  to  a  levd. 

And,  indeed,  it  is  on  such  a  supposition  alone  that  we  can 
understand  how  rocks  could  have  been  bent  as  sharply  as 
thoy  have  been  without  fracture.  That  they  were  con- 
solidated in  many  cases  when  they  were  bent  is  certain. 
Thus  Sir  II.  De  la  Beche  points  out  that  in  Pembrokeshire 
a  thick  mass  of  Limestone — ^the  Carboniferous  Limestone- 
and  a  great  deposit  of  overlying  Shales  and  Sandstonee--- 
the  Coal  Measure* — share  in  me  same  contortion,  whjcn 
therefore  could  not  have  taken  place  till  after  the  deposition 
of  the  latter.  But  during  the  time  and  under  the  ditnim- 
stances  necessary  for  the  accumulation  of  the  upper  group, 
the  Limestone,  if  it  ever  was  soft,  must  have  become 
perfectly  consolidated. 

Of  the  contortions  shown  in  Fig.  58,  Mr.  Miall  remaAs 
'*The  angles  are  sharp,  but  unbroken.  You  may  easily 
test  this  by  passing  a  fiiiger  over  one  of  the  bends.  There 
is  neither  crack  nor  vein."  And  he  disposes  of  the  ex- 
planation that  the  rock  was  in  an  imconsolidated  state 
when  it  was  bent,  by  pointing  out  that  some  shells  and 
corals  preserved  in  it,  which  were  certainly  not  originaDy 
plastic,  are  distorted  by  the  folding. 

Witli  the  view  of  throwing  light  on  the  origin  of  oonto^ 
tion,  Mr.  Miall  carried  on  a  series  of  ingenious  experiments- 
He  succeeded  by  means  of  pressure  applied  gradually  f^ 
some  length  of  time  in  bending  thin  plates  of  Limestone,  but 
the  bent  slabs  always  cracked  soon  after  the  pressure  ^ 
removed :  this  difficulty  was  partly  overcome  by  embedding 


rOLDVXQ, 


387 


the  pieoes  operated  on  in  pitch.  He  very  justly  remarks 
that  the  frequent  destruction  bj  spontaneous  fracture  of 
bent  platee,  when  removed  from  the  machine,  seems  to 
imply  that  an  indefinitely  protracted  and  uniformly  contort- 
ing force  is  needed  to  produce  imbroken  curvature ;  that 
reostance  on  all  sides  dmiinishes  the  risk  of  fracture ;  and 
that  the  results  attained  serve  to  strengthen  the  opinion 
that  unbroken  antidinals  and  synclinals  are  formed  only 
imder  a  considerable  weight  of  superjacent  strata.*  These 
experiments  certainly  seem  to  show  that,  if  solid  rock  is  to 
be  contorted  without  fracture,  there  must  be  something  to 
hold  it  together  while  the  bending  is  going  on ;  and  the 
necessary  force  of  restraint  would  be  supplied  by  the 
weight  of  a  mass  of  overlying  measures.  In  Sir  James 
HaU's  well-known  illustration  of  contortion,!  a  number  of 
layers  of  doth  were  laid  on  a  table  and  pressed  together  by 
boards  at  either  end.  In  this  way  they  were  forced  into 
folds  closely  resembling  the  sharp  contortions  of  rocks. 
But  it  was  necessary  to  load  tliem  above  by  another  board 
carrying  a  heavy  weight,  and  this  represents  the  mass  of 
overlying  strata,  which  must  have  been  present  when  rocks 
Were  undergoing  folding. 

We  saw  reason,  when  considering  the  phenomena  of 
^etamorphism,  to  believe  that  the  process  went  on  deep 
beneath  the  surface.  Now  Metamorphic  rocks  are  almost 
ahrajB  highly  contorted.  We  have  here,  then,  another 
reason  for  believing  that  the  rocks  were  deeply  buried 
'^hen  contortion  was  produced. 

Folding  went  on  Slowly. — ^If  the  conditions  under 

'^hich  the  rocks  were  contorted  were  at  all  similar  to  those 

^y  which  Mr.  Miall  obtained  his  results,  the  bending  must 

^ve  gone  on  very  slowly.     Some  experiments  by  Professor 

^urston,  of  the  Smithsonian  Institute,  also  point  to  the 

^ame  conclusion.     He  found  that  if  iron,  which  had  been 

forcibly  bent  dose  up  to  the  breaking  point,  was  kept  bent 

«y  pressure  for  seventy-two  hours,  it  showed  no  tendency 

^  return  to  its  origincd  form,  but  acquired  a  ''  permanent 

•Wt ;"  and,  what  is  still  more  to  our  purpose,  it  then  became 

^^pable  of  further  bending.  | 
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We  can  r-oalue  from  those  experimente  hov  by  a  repeti- 
tion of  am&ll  bendingH  rocks,  apparently  the  most  inflexible, 
could  little  by  little  be  folded  into  tbe  sharpest  imagiii&ble  « 

curves. 

Analogy  leads  us  to  the  opinion  tbat  faults  were  not  d 
jiroducea  at  ouo  jump,  but  by  a  sucDeettiou  of  small  dis-  — 
placements. 

Coatortlona  mon  freqnsnt  in  Old  than  Beceot  ^ 
Bockv. — Whun  touuhing  on  the  cunsolidation  ol  rocks,  it  ^*! 
was  noticed  that  as  a  gfeuorol  rule  the  older  rocks  were  the  ^m 
more  completely  consolidated ;  and  it  vras  pointed  out  that  ^■■i 
this  was  the  ca^e  simply  because  they  were  older,  and  for  tkt* 
that  reason  had  been  oftener  and  for  longer  periods  sub-  — « 
jected  to  the  action  of  the  forces  which  produce  suUdiEcation,    _  .«i 

A  eimilar  statement  holds  good  for  oontortion  ;  it  prevails  ^aJE 
most  largely,  as  a  general  rule,  among  the  older  rocks.  ^  ^» 
and  exactly  tho  same  explanation  applies  as  in  the  case  of  2<=a 
cunsolidation. 

In  the  early  days  of  Geology  this  fact  was  held  to  prove^*^^ 
that  contorting  forces  acted  more  energetically  during  fair*-^ 
distant  periudn  of  tho  earth's  history  than  at  present.  Bnt^.K-M 
it  is  clear  thut  tho  foets  do  not  warrant  this  inference,  andEv-^ 
that  they  can  be  explained  just  aa  well  in  the  manner  justJ^c^l 
stated. 

In  the  saii.c  w.iy,  nhi-n  Wf  s^oc  nn  old  man  mon?  bniken*^-^ 
than  tlie  generality  of  young  men,  we  do  not  infer  tbat  the^-*J 
wear  and  tear  of  life  has  necessarily  been  greater  thnnr"*"  *^ 
usual  in  his  case,  but  only  that  he  has  been  exposed  to  itt'-*^ 
longer. 

It  is  not  intended  to  assert  that  there  never  was  a  tim^»-^^ 
when  the  forces  tending  to  produce  contortion  were  mor^*"^ 
vigorous  than  now.  Indeed,  if  there  be  any  truth  in  th^*-*^ 
generally  received  view  of  the  earth's  early  history,  thi^-*-* 
must  have  been  formerly  tho  case.  But  it  is  not  the  greatei*:'*^ 
solidity  and  excess  of  contortion  in  the  older  locks  that  leatE^-* 
us  to  such  a  conclusion,  but  reasons  that  will  be  explainedEJ*-^^ 
further  on. 

SECTION  VI.— UNCONFORMITY  AND  OVEHLAP. 

What  coBstitiites  tTnconformity. — A  question  of  para —  -^ 

mount  im|}ortance  in  geological  investigations  may  be  con-- — ' -^ 
veniontly  treated  of  here.  It  sometiihes  happens  that  in  n  r*'* 
group  of  stratified  rocks  the  beds  come  on,  one  over  the^^^"* 
other,  each  with  the  same  dip  as  the  bed  next  below  it ;  S     ' 
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ij  oontartions  or  iavliB  affect  all  the  beds  alike,  and  the 
e  general  drcmnBtances  of  lie  and  position  pervade  the 
sroup  from  top  to  bottom.  Such  an  assemblage  of  beds 
¥onDB  what  is  known  as  a  Conformable  Orottp. 

In  other  cases,  in  working  our  way  across  the  rocks  of  a 


Fig.  96. — Sbctiom  bhowino  Unconpohmitibr  accomfanibd  bt 

Chanob  of  Dip. 
«.  Sihiiiui  Sebbte. 
h.  Poddingatone.  oontaining  pebblet  of  a.  ^  n«»w«.4#!— ««_ 

e,  SbftlM  aad  fiandatonea,  wi&  tlim  bods  of  Antlinoite^^  ^^nniXiB>oii». 

f.  lUgnMlan  limestone  j'''™*"- 
d.  Igneoos  dyke. 

^tintry,  we  find  perfect  conformity  to  prevail  for  a  certain 
^istance,  and  are  then  suddenly  brought  up  by  a  decided 
^^eak  in  the  order  of  succession,  and  of  such  breaks  we 
^''eadily  disting^uish  two  kinds. 

In  the  first  case  there  is  a  sudden  change  in  the  dip  and 


^     7> 


Kg.  97. — Sscnoif  showing  TJnconformitt  unaccompanibd  by 

Chanob  of  Dip. 

^M:e,  or  in  one  of  them.  An  instcuice  of  this  kind  is 
^Wn  in  Fig.  96.*  On  the  right  we  have  steeply  inclined 
%eds  of  Schist  dipping  towards  the  right ;  on  the  edges  of 
^Hms  there  rests  a  group  of  Shales  and  Sandstones  less 
steeply  inclined  and  sloping  in  the  opposite  direction ; 

*  Tiken  firom  General  de  la  Marmora's  Voyage  en  Sardaigne. 
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these  latter  are  capped  by  beds  of  Sondstono  and  Lin 
Btoao  lying  perfwiuy  flat.  The  different  membera  of  ea 
uf  tbeee  three  groups  are  perfectly  conformable  to  o 
another,  but  in  passing  from  each  group  to  the  one  m 
aboTe  it  we  encounter  an  abrupt  change  of  dip. 

In  the  other  kind  of  break  all  the  beds  have  the  sai 
dip,  but  they  can  be  eepatated  into  two  groups,  the  upj 
uf  which  reets  on  a  worn  and  uneven  surface  of  the  Ion 
or  abuts  suddenly,  without  a  fault,  against  a  slope  or  d 
formed  of  the  latter.  A  uue  of  this  kind  ia  shown  in  t 
diagram  in  Fig.  97,  where  the  upper  finely-bedded  roc 
Uo  in  a  trough,  which  has  been  worn  out  of  the  Ion 
dotted  group. 

Hfltuoing  of  nnconfonuity. — The  occurrence  of  a  bra 
of  either  of  these  kinds  is  called  an  Uneonfonailg,  and  t 
groups  of  strata  separated  by  unconformities  are  said 
be  unconformable  to  one  another. 

Such  are  the  observed  facln,  and  our  nest  business  is 
ask  what  tbey  mean,  and  what  are  the  events  by  whi 
tlicy  were  brought  about. 

Turning  to  Fig.  96,  wo  know  that  the  Schists  (a)  at  o 
time  lay  Hat  at  the  bottom  of  the  aea  in  which  they  wt 
deposited.  They  have  been  tilted  from  their  horizontal  po 
tion,  and,  as  they  rose,  denudation  jmred  off  the  edges 
the  strata  and  produced  the  surface  on  which  the  bed  ( 
rests. 

-Ind  all  this  munt  have  been  done  before  the  deposition  of  i 
>ie.rl  group  of  rocks  began.  The  tilting  and  denudation  toi 
time  to  effect ;  in  many  coses  a  very  long  time  would 
required  for  the  removal  of  the  amount  of  rock  which  i 
can  prove  must  have  been  carried  away. 

The  unconformity,  then,  we  are  now  looking  at  is  a  pro 
that  an  interval  occurred  between  the  depotitiert  of  the  two  rot 
groups  ivkich  it  separate*,  and  that  during  that  interval 
drposition  of  roek  went  on  at  the  spot  where  the  ttneonformi 
occurs ;  or  that  if  anij  rocks  were  formed  there  during  th 
interval,  theij  have  been  entirely  carried  away  hy  denudation. 

We  sliall  800  bj'-and-by  that  the  diiferent  rock-groups 
the  earth's  crust  are  in  reality  so  many  volumes  in  whi. 
is  written  an  account  of  some  of  the  events  that  went  t 
during  their  formation ;  and,  piirsuing  the  metaphor,  v 
may  say  that,  where  an  unconformity  occurs,  there  a 
certain  of  these  volumes  misHing,  and  that  there  is  cons 
quently  a  blank  space  in  the  chronicle.  But  just  as  t 
liirttorian,  when  his  investigations  are  checked  by  comii 
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acrcMto  an  imperfect  copy  of  a  work,  is  sometimeB  enabled 
to  make  gooa  the  defect  bj  going  to  another  library  and 
reooyering  there  the  missing  pages  or  yolnmes ;  so  the 
geologist,  when  he  finds  at  one  spot  an  unconformity  and  a 
oorreeponding  break  in  the  chain  of  events  he  is  endeavour- 
ing to  trace  out,  may  sometimes  pick  up  some  of  the  lost 
links  in  other  quarters,  where  the  deposition  of  strata 
has  gone  on  with  less  interruption.  This  is  the  case  in 
the  Sardinian  instance.  The  bottom  rocks  are  known,  by 
tests  which  will  be  described  further  on,  to  have  been 
formed  at  the  same  time  as  certain  of  the  slaty  rocks  of 
North  Wales,  and  the  overlying  group  is  of  the  same  age 
as  the  beds  from  which  we  in  England  draw  our  supplies 
of  CoaL  Now  with  us  between  these  two  groups  of  rocks 
there  intervenes  a  great  mass  of  strata  known  collectively 
as  the  Old  Ked  Sandstone,  the  formation  of  which  went  on 
daring  the  interval  which  is  represented  only  by  an  imcon- 
fonnity  in  the  Sardinian  series.  The  section  of  the  latter 
shows  us  that  the  deposition  of  two  groups  was  separated 
by  an  interval,  it  tells  iis  thus  much  and  no  more ;  from  a 
study  of  English  Geology  we  learn  what  was  going  on  else- 
where during  that  interval,  and  infer  that  it  was  of  con- 
siderable duration,  because  it  allowed  time  enough  for  the 
aocumulation  of  a  vast  thickness  of  strata. 

exactly  the  same  remarks  apply  to  the  imconformity 
between  the  middle  and  upper  groups  of  the  section  before 
XLB ;  and  here  again  the  rocks  wanting  in  Sardinia  are  to 
be  found  in  England  and  other  parts  of  Europe. 

In  the  second  kind  of  imconformity  the  lower  group  has 
not  been  tilted  before  the  deposition  of  the  beds  above. 
Any  displacement  from  a  horizontal  position  that  has  taken 
place  affects  both  groups  alike,  and  must  therefore  have 
Deen  produced  after  the  deposition  of  the  upper ;  but  the 
lower  oed%  have  been  denuded  oefore  the  deposition  of  the  upper 
heds  hegany  and,  as  time  would  be  necessary  for  this  opera- 
tion, we  have  here,  quite  as  much  as  in  the  first  kind,  a 
proof  that  an  interval,  unrepresented  at  the  spot  where  the 
unconformity  occurs,  intervened  between  the  formation  of 
the  two  groups  which  it  separates. 

That  the  denudation  described  must  have  taken  place 
will  be  evident  by  a  glance  at  Fig.  97.  The  beds  of  the 
lower  group  could  not  possibly  have  been  deposited  so  as 
to  end  abruptly  on  the  slopes  of  the  hollow  which  now 
exists  in  them.  Each  must  originally  have  stretched 
across  to  the  point  where  we  find  the  corresponding  bed  on 
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the  other  aide,  and  the  present  inteiTaption  in  thdr  oon' 
tinuity  must  be  due  to  the  removal  of  portions  of  them. 

Unconformitiee  of  this  olase  vary  yerr  much  in  im- 
portance. Sometimes  the  erosion  is  sum  as  might  Ve 
brought  about  by  a  very  trifling  change  in  physioueai- 
ditionSy.and  so  small  in  amount  that  no  great  time  woqU 
be  required  to  effect  it.  Such  cases  may  be  better 
described  as  ''contemporaneous  erosion  and  filling  up,''* 
because  they  do  not  indicate  the  important  break  associated 
with  the  idea  of  unconformity. 

In  other  cases  the  denudation  has  been  extensiTey  and 
the  interval  required  for  it  of  long  duration,  and  these  may 
be  fairly  spoken  of  as  unconformities. 

An  unconformity,  then,  of  either  kind  shows  us  that,  at 
the  spot  where  it  occurs,  the  process  of  rock  formation  did 
not  go  on  continuously ;  that,  at  a  certain  point  of  time,  ft 
stop  was  put  to  deposition  by  the  upheaval  and  oonverfl^ 
into  dry  land  of  the  sea  bottom ;  tnat  by  this  means  the 
rocks,  which  had  been  just  laid  down,  were  brought  withm 
the  range  of  denudation,  and  portions  of  them  worn  ^^Jl 
that  the  surface  thus  formed  was  afterwards  lowered 
beneath  water,  and  a  new  set  of  rocks  deposited  on  ^® 
truncated  edges  of  the  lower  group. 

On  the  other  hand,  steady,  uniform  deposition  would  gi^® 
rise  to  a  conformable  group  of  strata;  but  the  convert 
proposition,  that  conformity  indicates  the  absence  of  9^1 
interval  between  the  deposition  of  successive  members  ^ 
the  series,  is  not  necessarily  true;  for  we  can  readily 
imagine  that,  after  the  deposition  of  any  one  bed,  tb^ 
supply  of  sediment  might  cease,  and  a  long  time  migbt 
elapse  before  it  was  renewed  and  the  bed  next  above  laid 
down,  and  thus  there  would  be  an  interval  between  tb® 
formation  of  this  bed  and  the  one  next  above  it ;  but  if  tbs 
lower  bed  remained  undisturbed  during  this  interval,  tbs 
two  would  be  perfectly  conformable  to  one  another.  In 
fact,  the  mere  existence  of  a  plane  of  division  between  two 
beds  is  proof  of  an  interval  between  their  formation,  and 
this  interval  may  have  been  a  long  one,  unless  there  is 
independent  evidence  to  the  contrary. 

In  a  word,  an  unconformity  will  bear  but  one  interpre- 
tation— ^that  the  process  of  rock  formation  was  suspended 
for  a  time,  and  that  during  that  time  denudation  took  its 
place. 

*  An  ezpresaioD  used  by  Prof.  Jukes.  A  ease  of  this  sort  is  shown 
in  Fig.  14. 
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We  oannot  be  quite  bo  rare  of  the  meaoing  of  conf  onnilyy 

because  there  are  two  ways  in  which  it  may  have  been 

podoced.    It  may  have,  and  in  many  cases  has,  arisen 

from  a  long,  steady  continiiance  of  the  same  conditions; 

but  in  itself  it  affords  no  certain  proof  that  such  was  the 

OBse,  because  the  formation  of  two  consecutive  beds  of  a 

oonf  onnable  ^roup  of  strata  may  have  been  separated  by 

an  interval  without  any  indication  of  the  fact  having  come 

down  to  us.*    To  put  the  matter  as  shortly  as  possible, 

unconfonnity  implies  an  interval,  conformity  does  not  ex* 

etadeiL 

Imposition  on  flinWng   Sea-bottoms. — ^Again,  con- 
formity is  not  necessarily  evidence  that  the  sea-bed  was 
absolutely  at  rest  during  the  formation  of  the  beds  through 
^which  it  prevails.     We  have  many  cases  where  strata,  all 
mf  which  mmt  have  hem  laid  dawn  in  shaUow  water,  are  piled 
cme  over  the  other  in  perfect  conformity  to  a  thickness  of 
tlftousands  of  feet.     The  only  way  we  can  accoimt  for  this 
MB  by  supposing  that,  during  the  whole  of  the  deposition  of 
sach  a  group,  the  sea-bottom  was  slowly  sinking,  and  that 
£Jke  space  through  which  it  went  doum  in  any  given  time  was  Just 
^f9tal  to  the  thickness  of  sediment  accumulated  during  the  same 
€ifms.     By  an  adjustment  of  this  sort  the  water  would 
always  be  kept  shallow,  for,  as  fast  as  subsidence  deepened 
i^  deposition  would  fill  it  up  again ;  and,  if  the  movement 
cijffected  the  whole  area  over  which  deposition  was  going 
oiiif  no  unconformity  would  be  produced. 

Osaeral  Condiudonfl. — ^We  arrive,  then,  at  the  follow- 
ing^ oanons.  Conformity  is  produced  when,  during  the 
deposition  of  a  group  of  strata,  there  has  been  an  absence 
of  opheaval,  depression,  or  denudation  ;  or  when,  if  either 
of  these  operations  has  gone  on,  it  has  affected  the  whole 
cirea  over  which  deposition  took  place.  Unconformity 
^(^dflts  when  upheaval  and  denudation  have  removed  a 
portion  of  one  set  of  beds  and  another  set  of  beds  have 
oeen  afterwards  deposited  on  the  surface  so  formed.  Or, 
Uiore  shortly,  a  contmuance  of  the  same  physical  conditions 
RtveB  rise  to  conformity ;  imconformity  has  been  produced 
By  change  in  these  conditions. 

A  simple  illustration  will,  perhaps,  bring  home  more 
cil«arly  to  the  reader's  mind  the  facts  of  unconformity  and 
UieiT  interpretation.     Suppose  that,  during  a  long,  peaceful 

*  The  existence  and  meaning  ton.  See  Theory  of  the  Earth,  i. 
of  unoonfonnity  were  reco^Tiiaed  432, 458;  Playfair^s  Works,  L  216, 
&n4  hy  the  marter  mind  of  Hut-      It  78. 
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period,  the  nxioiu  er^ntB  in  a  nation's  biatoiy  were  noted 
down  as  ther  oooaired,  and  the  TolomeB  piled  one  abore 
anc>ther  on  the  floor  of  a  lihTaiy.  The  heap  so  formed  may 
fairly  represent  strata  oonfonnably  deposited  daring  a  long 
ouutinuanoe  of  the  same  conditions.  Suppose  that  a  time  of 
war  and  tumult  followed,  during  which  some  of  the  yolomes 
^it  diHarranged,  a  part  of  the  archiyes  was  destroyed,  and 
lliroughout  which  the  disturbed  state  of  affairsprevented 
thti  currying  on  of  the  work  of  the  chronicler.  Tms  would 
timiHo  li  blank  period  in  the  history  exactly  corresponding 
to  (hn  gup  in(ucated  by  a  geological  imconformity,  and 
umHiiuptuiicd,  like  it,  by  disturbance  and  partial  destruction 
(ilf  i\w  nuiord  of  what  had  gone  before.  On  the  return  of 
uuivo  ixuu'of  ul  times,  the  annalist  might  resume  his  labours, 
Hiitl  it  tlio  volumes  he  produced  were  laid  upon  the  difl- 
ordttnul  romains  of  the  earlier  records,  they  would  coire- 
Hpoiul  vt^ry  closely  to  the  upper  group  of  strata  which  an 
uu(H)ufurmity  shows  resting  on  the  edges  of  the  bwer 
bodH. 

ZUujitration  of  Uneonlbmiity. — In  Fin.  98  and  99 
an  attempt  has  been  made  to  show  the  resiuts  of  a  strong 
imconf ormity.     The  first  is  a  perspective  view  of  a  model 
on  the  u\)in^T  surface  of  which  the  outcrops  of  various 
strata  aro  hIiowu  by  different  patterns,  while  along  ^^ 
sides  wo  h(3o,  as  we  should  see  in  a  diff,  a  section  showing 
the  couFHo  of  the  beds  underground.     Tlie  second  i»  * 
geological  section  along  the  line  marked  on  the  modcl 
We  see  at  a  glance  that  there  are  two  rock-groups,^ 
tween  the  lie  of  which  the  most  marked  disoordance  e%i^' 
The  lower,  distinguished  by  a  lighter  tint,  has  been  b«^ 
into  a  number  of  troughs  and  arches,  which  have  l>*?^ 
truncated  by  denudation,  and  a  floor,  marked  by  a  s<^.  v 
and  dot  lino  on  the  section,  has  been  formed,  on  v^^SJ^ 
the  upper  group  rests  in  a  nearly  horizontal  position.    '-V. 
latter  has  also  suffered  by  denudation,  and  only  two  ^^ 
tached  outliers  remain  of  the  sheet  of  it  which  once  sp^^i 
over  the  whole    area :    the  connection  which  origio-'^Jj 
existed  between  the  beds  of  these  outliers  is  shown  in       . 
section  by  dotted  lines.      Further  proofs  of  denudai^' 
previous  to  the  deposition  of  the  higher  beds  are  fumis-  -f? 
by  a  fault  and  dyke,  which  traverse  the  lower  group        . 
do  not  penetrate  into  the  upper.  *  Another  famt,  wh^;^ 
affects  both  groups,  and  is  therefore  of  later  date  than 
formation  of  the  upper,  is  seen  on  the  left  hand. 

The  clean  cut  section  shown  by  the  diff  puts  bey^^' 
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loRi-ally.  vv,.u  if 
III.' dill' Mfclion  .lid 
iiotesist,andwith- 
out  pacing  regurd  |^ 
to  the  difference  S 
in  the  dip  of  the 
beds. 

If    we    trace 
Boroae  the  countiy 
therunoftheheda 
of  either  group,  we 
find  them  alwa^ 
coining    on      one 
over  &e  other,  in 
the    same     order. 
,     Among  the  loww 
eat,  (I)  ifl  overlaid        ' 
by  (8),  and  thie  ie 
olwaTe  followed  by 
(8),   above  which 
the    other    mem- 
bere  eucceed  in  the  ^    ° 
order  of  th»  aum-  f^' 
bers    which    they  ° 
bear  in   th»  dia- 
granw;  and  this  is 
aeeo  to  be  the  case       * 
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deeoend  the  flanks  of  the  hills  which  thej  compose,  we 
alwajB  find  them  cropping  out  in  the  same  order,  d  at  the 
top,  then  Cy  then  h,  and  a  at  the  bottom. 

Bat  we  meet  with  a  yery  different  state  of  things  when 
we  follow  the  line  which  parts  the  two  groups.  The  bed 
a  rests  first  on  f2),  it  then  stretches  over  (1),  after 
leaving  the  latter  it  comes  again  to  lie  upon  (2),  and  then 
creeps  gradually  on  to  higher  and  higher  beds  till  it  is  in 
contact  with  the  highest  member  (6)  of  the  lower  group; 
still  further  to  the  right  it  comes  to  He  upon  (5)  and  (4)  m 
succession. 

Now  this  gradual  passage  of  the  upper  group  over  the 
edges  of  the  different  members  of  the  lower  group  can  be 
caused  only  in  two  wfiys — either  by  a  fault  bringing  one 
against  the  other,  or  by  an  unconformity  between  the  two. 
On  the  left  hand  there  is  a  fault  bringing  about  this  result ; 
on  the  right  the  wavy  and  indented  nature  of  the  boundary 
would  be  all  but  conclusive  against  it  being  faulted,  even  if 
the  diff  section  did  not  show  the  absence  of  any  fault. 

Having  assured  ourselves,  then,  that  there  is  no  fault  to 
cause  the  upper  group  to  abut  at  different  spots  against 
different  members  of  the  lower,  we  may  accept  this  hehaviow 
09  eonchuive  proof  in  itself  of  an  unconformity  between  the  two 
grmipM. 

Tnciilental  Froo£i  of  Unconformity. — In  some  cases 
where  such  direct  proofs  of  unconformity  as  we  have  just 
described  are  not  forthcoming,  we  may  aetect  its  presence 
by  evidence  of  a  circumstantial  kind. 

It  frequently  happens  that  the  bottom  beds  of  the  upper 
of  two  unconformable  groups  are  Conglomerates,  the 
pebbles  of  which  have  been  derived  from  the  lower  group. 
This  shows  denudation,  and  therefore  upheaval  of  the 
lower  g^up  before  the  upper  began  to  be  formed.  This 
has  been  the  case  in  the  section  in  Fig.  96,  with  the  bottom 
l>ed,  bf  of  the  middle  group. 

We  may  occasionally  detect  faults  or  igneous  dykes  which 
'penetrate  the  lower  group,  but  do  not  run  on  into  the 
^pper.  Fig.  96  fumiimes  us  with  an  instance  of  this ;  the 
^yKe  d  terminates  at  the  base  of  the  bed  «,  and  the  abrupt 
^^ay  in  which  it  is  cut  off  shows  that  it  must  originally  have 
extended  higher  up  than  now,  and  that  it  has  been  trun- 
coated  by  the  denudation  that  produced  the  floor  on  which  # 
^X'^ests.     Similar  cases  are  seen  in  the  diagram  Fig.  99. 

When  we  find  the  lower  of  two  groups  of  stra^  intensely 
^>=Kietamorphosed  and  the  upper  unchanged,  there  is  a  fair 
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presumption  that  the  operation  took  place  before  the  ifff^. 
sition  of  the  latter,  and  that,  therefore,  an  interval  elaS''^ 
between  the  formation  of  the  two. 

DeceptiTe  Appearaaoa  of  Vnoonformi'^  ofwin^  ^ 
Vndergroimd  DiMrolntion  of  Book. — ^In  cases  like  t)>^ 
now  under  consideration,  where  the  lower  group  is  calc?^^ 
ous  and  the  upper  allows  of  the  passage  of  water,  the  ^, 
server  must  be  on  his  guard  agunst  too  hastily  infer^"^. 
that  an  uneven  junction  necessarily  means  denudatio^^:^  ^^ 
the  former  before  the  deposition  of  fiie  latter.  Under  ^  '^^ 
circumstances  it  may  be  that  the  two  may  have 
originally  laid  down  in  perfect  conformity,  and  that 
sequently  carbonated  water  percolated  down  to  the 
stone,  dissolved  it  away,  and  gave  rise  to  inequalities 
pot-holes  on  its  surface,  into  which  the  upper  beds 
settled  down.  In  such  a  case  the  irregularity  in  the  jun 
of  the  two  groups,  having  been  produced  after  the  dep^  ^^ 
tion  of  the  upper,  is  no  proof  of  an  interval  having  exig:^^ 
between  the  formation  of  the  two.* 

]>eo6ptiT6  Cpnformity. — ^In  the  examples  we  h^  -^^^ 
given  the  evidence  for  an  unconformity  is  so  dear  •^>*^* 
there  is  no  room  for  a  mistake ;  but  unconformities  are  ^^^ 
always  so  easily  detected,  and  in  some  cases  an  appai^^^^J^ 
conformity  exists  locally  between  two  rock  system]^  wb:::^** 
are  really  violently  unconformable  to  one  another.  Aj^^  ^ 
instance  we  may  take  the  Mamesian  Limestone  and  . 

Coal  Measures  of  Yorkshire,  tue  relative  lie  of  whid^^^^ 
shown  in  the  sketch-map  and  section  in  Fig.  100.  , 

A  geologist  who  confined  his  observations  to  the  nei^^j^ 
boTirhood  of  the  point  A,  would  scarcely  be  able  to  det^^j^^ 
there  any  signs  of  an  unconformity  between  these  t^-^\^to 
groups  of  rodts.     The  dip  of  both  is  in  a*  general  w&y  ""^^f^e 
the  east,  and  is  so  small  that  it  would  be  quite  impossir^^^^^ 
to  say  from  such  measurements  as  could  be  made  in  quarr^*^^^^. 
or  limited  exposTires  of  rock,  whether  there  was  any  ^^^^-)ii0. 
f erence  in  the  amount  of  inclination  of  the  two  formation  ^^  %^ 
When  we  come,  however,  to  map  the  country  in  detail,  "^ ^  ^^^ 
find  that  the  outcrops  of  the  Coals,  Sandstones,  and  oUc^^'^^ij^ 
members  of  the  Coal  Measures  over  a  great  part  of  the  fi^^^pTj^py 
trend  pretty  steadily  north  and  south,  but  that  at  eith^^^     ^£ 
end  they  bend  round  to  the  east.     In  fact  the  portion     ^^^if. 
the  Coal  Measures  exposed  at  the  surface  forms  a  ha^>^^^^^ 
basin.     Now,  over  the  central  part  of  this  basin  the  ^^^'^^St 
strike  north  and  south,  or  in  the  same  direction  as  ^'  ^"^^"^ 

*  See  Quart  Joum.  Qeol,  Soo.  c£  London,  zjdi.  402. 
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limeehme,  and,  as  loug  as  this  arraiigement  preraila,  the 
tro  fonnations  exhibit  oo  unconf onnity ;  but  at  either  end 
d  the  bafiin,  where  tbe  easterly  strike  seta  in,  we  find  Hie 
Iimest<nie,  as  we  go  either  to  the  north  or  the  south,  n 


Via.  100. — SKXTOH-MtP  0 

**  Bnccession  on  lower  and  lower  beds  of  the  Coal  Measures, 
?*d  become  aware  bow  discordant  the  two  formations  are, 
}^o  then  realise  that  the  Coal  Meaeurea  have  been  thrown 
**»to  a  trough  and  largely  denuded  before  the  Limestone 
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began  to  be  formed.  To  give  an  idea  of  the  amount  of  denu- 
dation, the  Limestone  at  A  reeta  on  beds  Bomi>  three  thousand 
feet  higher  up  in  tho  eeries  than  at  B;  bo  that  at  tLe  latter 
point  at  least  this  thickneee  has  been  swept  away. 

Unconformities  like  th«ee  might  escape  the  uotiee  of  a 
casual  and  hasty  observer,  but  they  would  be  certain  to  be 
revealed  by  the  mapping  of  a  large  tract  of  country. 

A  (laae  of  deceptive  conformity  is  shown  in  Fig.  97,  The 
section  at  the  pomt  A  gives  no  indication  of  unconformity 
between  the  two  groups  shown  in  that  diagram,  but  the 
section  taken  as  a  whole  shows  that  a  marked  unconformity 
exists. 

The  warning  conveyed  by  such  instances  is,  not  to  rely 
too  much  on  apparent  conformity,  but  to  bear  in  mind  that 
it  may  be  only  local,  and  to  aeoertaln  by  widespread  ob- 
servations whether  this  is  so  or  not,  before  concluding  that 
«  set  of  i-ricks  form  a  (■oiifonnablo  seri<-3.  k.  sinple  obser- 
valiou  M-iU  ofK'n  cstiiUi.-li  hi'voiid  doubt  tli^  csistcucf  of 
unconformity ;  extensive  research  will  be  required  before 
we  can  sjiffly  say  beds  ore  conformable  to  one  another. 

Overlap. — ^Vllen  the  surface  of  a  group  of  rocks  has 
been  worn  by  denudation  into  hollows  and  these  have  been 
filled  by  the  deposition  of  a  second  set  of  strata,  it  neces- 
sarily happens  that  each  bed  of  the  latter  will  extend  over  a 
larger  area  than  the  bed  next  below,  and  will  cover  it  up 
and  hide  it  from  view ;  so  that  if  we  made  a  section  across 
a  country  where  thin  had  occurred,  we  should  find  eacli 
bed  of  the  upper  group  reaching  across  the  bed  imme- 
diately beneath  to  abut  against  the  slojiing  sides  of  the 
hollow.  Tliis  is  called  an  Overlap,  and  cuch  bed  is  said  to 
overlap  the  bed  below  it. 

In  diagram.  Fig.  97,  we  see  very  clearly,  on  the  left-hand 
side,  the  bed  (I)  overlapping  (2) ;  this  again  overlaps  (3), 
and  the  latter  overlaps  (4),  and  so  on.  The  existence  of 
the  beds  below  (1)  would  not  have  been  known,  if  it  hud 
not  been  that  on  the  right-hand  side  denudation  has  re- 
moved a  portion  of  the  rocks  that  once  covered  them,  and 
has  laid  them  open  to  view.  Similarly,  in  section  4,  Fig. 
102,  (3)  overlaps  (2),  and  is  itself  overlapped  by  (4). 

Occasionally  we  lind  some  among  the  different  members 
of  a  formation  occurring  only  in  patches  here  and  there, 
because  the  conditions  necessary  for  their  formation  existed 
only  at  certain  spots ;  at  the  same  time  these  different 
members  overlap  one  another  against  the  sloping  surface 
of  a  group  of  older  rocks.     Great   complication  is  thus 
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introduced,  which  it  requires  the  utmost  care  to  unravel. 
A  good  instance  occurs  on  the  north-eastern  edge  of  the 
Lake  district.  If  we  turn  to  a  geological  map  of  England, 
ire  see  that  the  old  rocks  of  uie  Hill  country,  whidi  are 
difltingaished  as  Silurian,  are  flanked  by  a  belt  of  a  newer 
Iramation,  the  Mountain  limestose ;  but  eveiy  here  and 
there  between  the  two  there  come  in  detached  patches  of 
an  intennediate  group,  called  the  Old  Bed  Sandstone, 
which  consist  of  Conglomerates  and  Sandstones.  The  fact 
that  the  latter  does  not  form  a  continuous  band  between 
the  Silurian  rocks  and  the  Limestone,  but  occurs  only  in 
isolated  areas,  is  due  partly  to  the  circumstance  that  it  was 
dejK>6ited  only  at  certcon  spots,  and  is  therefore  not  present 
at  all  in  some  places,  and  partly  to  its  being  overlapped 
by  the  Limestone,  and  so  concealed  from  view  at  some 
places  where  it  does  exist.  During  the  deposition  of 
these  rocks  the  order  of  events  was  as  follows.  The  boss 
of  hill  country  was  upheaved  and  carved  out  by  denu- 
dation into  something  like  its  present  shape  very  long 
ago ;  it  was  afterwards  slowly  lowered  beneatii  water,  and^ 
as  it  went  down,  banks  of  shingle  were  piled  up  along 
the  successive  shore -lines  formed  by  its  gradual  sub- 
mergence. It  is  easy  to  see  that  these  would  reach  their 
largest  dimensions  ofP  the  mouths  of  rivers,  where  the 
materials  for  their  formation  were  supplied  in  greatest 
abundance.  It  is  also  not  unlikely  that  the  hills  were  then 
occupied  by  glaciers,  and,  when  one  of  these  came  down  to 
the  water,  the  load  of  rubbish  on  its  back  would  yield 

Slentifully  matter  suitable  for  the  formation  of  shingly 
eposits.  And  thus  it  came  about  that  the  Conglomerate 
never  formed  an  unbroken  fringe  all  round  the  hills,  but 
was  deposit^  only  in  patches  at  certain  spots.  As  depres- 
sion went  on,  it  was  accompanied  by  a  change  in  physical 
conditions;  the  ice  disappeared,  and  tiie  volume  of  the  rivers 
decreased,  so  that  they  brought  down  flne  Sand  instead  of 
their  former  coarse  detritus  ;  thus  there  was  next  formed  a 
croup  of  Sandstones,  less  coarsely  grained  than  the  Shingle 
beds  which  preceded  them,  and  these  covered  up  the  latter, 
and  extended  some  way  higher  up  the  Silurian  slope. 
Lastly,  continued  depression  gave  nse  to  a  deep  and  ex- 
tensive sea,  in  which  Limestone  was  formed;  this  was 
mainly  of  organic  origin,  but  it  contains  in  the  neighbour- 
hood of  the  Lake  hills  beds  of  mechanically  formed  sedi- 
ment derived  from  the  adjoining  land.  This  last  formation 
oovered  up  the  two  preceding  groups,  and  abutted  at  a 
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logger  level  than  they  against  the  Silnrian  rocks.  A 
aedion  which  crossed  ooimtiy  where  all  these  groups  are 
present  would  run  as  in  section  4,  Fig.  102. 

But  the  reader  may  ask  how  we  become  aware  of  the 
existence  of  the  Sandstone  and  Conglomerate,  which  in  the 
section  just  given  axe  hidden  from  view  by  the  Limestone. 


u)  ^;xTrH^>rr-^ 

^ 

(1) 

Fig.  102.— Sect  1. 

(1) 

Their  presence  is  revealed  to  us  by  the  occasional  removal 
of  the  overljring  beds  by  denudation,  in  the  way  shown  by 
the  sketch-map  in  Fig.  101.  The  district  is  traversed  by 
liver  valleys :  of  these  A  B  and  E  F  run  over  ground 


Fig.  102.--Sect.  2. 

beneath  which  all  four  rock  groups  are  present,  and  cut 
down  deep  enough  to  show  them  all;  section  1,  Fig.  102 
shows  what  may  be  observed  in  either  of  these  valleys. 
The  valley  C  D  lays  bare  the  Sandstone,  but  does  not  cut 


(1) 


Fig.  102.--Sect  8. 


(1) 


down  to  the  underljdng  Conglomerate,  the  position  of  which 
as  marked  in  section  2,  Mg.  102.  The  valley  G  H  crosses 
a  spot  where  the  Conglomerate  is  absent,  but  shows  Sand- 
stone and  Limestone ;  section  3,  Fig.  102  runs  along  this 
valley.  Lastly,  in  the  coimtry  to  the  right  no  vallejHB  reach 
beneath  the  base  of  the  Limestone,  but  it  is  likely  enough 
ihat  both  the  underlying  groups  may  be  locally  present 
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It  is  light  to  ftdd  tkit  the  Sandrtone,  like  the  Conglo- 
merate, is  kxal  in  its  oceuirence ;  it  is  represented  as  oon- 
tinuoos  in  the  figures  to  avoid  canfusicii. 

Pkmalkml  BMtfnigs.— It  is  of  the  ilimost  xmporta&oe  to 
imd«««tand  the  l>eanng>  of  unconformity  and  oreriap  wbeii 
we  endeaToiir  to  determine  the  underground  oontinaaticm  oi 
strata  from  observations  made  at  the  suiface.  Thus  in  ^^ 
diagram.  Fig.  97.  suppose  the  beds  (2^  and  (4)  io  be  Coal 
sivmis.  which  are  being  worked  from  tneir  outcrops  on  the 
right  towards  the  left.  At  the  basset  edges  and  in  the 
sinkiniT^  at  B  and  C  they  are  regularly  ovenaid  by  the  bed 
( I  ^  and  $ei>arated  by  the  bed  ^3).  and  we  might  be  apt  hastily 
to  infer  that  whervver  we  found  the  bed  (1)  we  should  al*> 
find  thest^  seams  at  the  usual  distance  beneath  it.  But  u< 
on  the  strength  of  the  presence  of  ( I )  in  the  section  at  i> 
we  commeui'ed  te  sink  at  D.  our  enterprise  would  be  • 
failure,  because  the  Coals  we  were  in  search  of  hare  abntt«* 
unconformably  against  the  slope  of  an  undtngronnd  r^ 
of  lower  looks  before  reaching  that  spot.  But  a  carei^ 
examination  of  the  whole  of  the  section  at  A  vouh* 
evidently  have  prepared  us  for  the  possibility  of  thj* 
being  the  case,  for  it  would  have  shown  us  immediately 
beneath  ,r  not  the  Coal  seam  (2),  but  a  totally  differ^^ 
rock,  and  opened  our  eyes  to  the  true  structure  of  ^® 
district.  ,  . 

A  most  serious  failure  arising  from  a  cause  of  this  Vi^ 
occurred  in  a  boring  for  water  at  Kentish  Town,  fior  t^ 
details  of  which  see  QuarUrly  Jounud  of  the  Otokf^ 
Society  o/LontUm,  xii.  6,  and  the  Memoir  of  the  C^eologi^ 
Survey  of  England,  on  Sheet  7,  Appendix  3. 

As  another  instance  I  may  mention  an  abortive  bofi^ 
for  Coal  in  South  Stafibrdshire,  described  in  the  ''  K^' 
Chester  Science  LectnreB  for  1871/'  2iid  BerieSi  p.  17. 
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Throngliout  this  chapter  we  have  constantly  assmned  the 
remoyal  of  enormous  thicknesses  of  rock  by  denudation. 
Many  of  the  sections  we  have  given  are  in  themsdves 
proofs  that  such  an  assumption  is  fully  justified  by  facts, 
but  the  reader  will  realise  more  fully  the  constant  repe- 
tition of  denuding  action,  and  the  vast  extent  to  which 
denudation  has  gone  on,  after  going  through  the  next 
chapter. 


CHAPTER  X. 


"  Nov  conoerainB  tlte  exaltation  of  the  monntolnn  atiova  ths  rmlliBt. 
it  appeareth  to  oome  to  paas  by  the  vntor  in  farmer  times,  vhoM 
property  is  to  wear  avay  by  ita  mcitiin  tlie  mnsl  loiwe  enrth.  acJ  lo 
leave  the  more  finn  j^und  and  rocby  ptacKS  tughest."--^A  Ducoyekt 

or   SuBTBltBANEAL  TRBAaUKEg   (Gabuiil  Plaitik,    1733). 

"That  mi);ht}'  trench  of  1[ ring  stone, 
Where  Tees,  full  many  a  fathom  low. 
Wean  vith  bis  rage  no  common  foe  ; 
Condemned  to  mine  a  channelled  way 
Through  solid  sheeta  of  marble  grey." 


TTTE  have  now  made  ourselves  acquainted  with  tho  pro — 
TV  cesses  by  which  the  materials  that  compose  the* 
ground  on  which  we  live  and  move  were  brought  together,  . 
compacted  into  their  present  form,  and  placed  in  theirr 
present  position  ;  our  nest  step  will  be  to  inquire  how  th^ 
surface  of  that  ground  has  had  its  present  shape  given  to- 
it — liow  mountain-chains,  table-lands,  hills,  valleys,  and_ 
plains,  and  all  the  lesser  inequalities  that  diversify  the  face« 
of  the  earth,  were  produced. 

Sitr&o«  dn«  to  Danndatioii. — We  saw  in  the  last- 
chapter  that  the  crust  of  tho  earth  has  been  from  time  to 
time  crumpled  and  folded  into  troughs  and  arches,  and 
nothing  would  be  more  natural,  when  we  see  a  moun- 
tain or  hill,  than  to  suppose  that  it  is  one  of  the  arches, 
and  that  the  valley  which  lies  at  its  foot  runs  along  the 
line  of  one  of  the  troughs ;  that,  in  fact,  if  we  were  to 
Gut  a  deep  trench  across  hill  and  valley,  we  should  see  in 
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its  sidee  that  the  rooks  were  arranged  underground,  as  in 
Pig.  103. 

Nothing,  certainly,  could  be  more  natural  than  to  sup- 
pose this  would  be  the  case  ;  but  a  -veiy  little  examination 
Boffices  to  show  us  that  no  supposition  could  by  any  pos- 
eihility  have  been  made  so  utterly  contrary  to  fact.  Li  a 
yery  large  majority  of  cases  we  find  that  the  rocks  that 
form  a  hill,  lie  in  a  trough,  instead  of  being  bent  up  into 
an  arch;  and  that  a  line  of  valley,  instead  of  coinciding 
with  a  trough,  runs  along  the  crest  of  an  arch  on  the  rocks 
below. 

In  other  cases  the  hills  and  valleys  have  apparently  not 
even  so  much  connection  as  this  with  the  folds  into  which 
the  rocks  have  been  bent.  And  even  in  those  cases  where 
the  rockg  forming  a  mountain  are  arched  and  plunge  do^ni 
on  each  side  in  the  same  direction  as  the  slope  of  the 
ground,  if  we  draw  a  section  across  the  hill,  and  are 
careful  to  put  in  the  inclinations  of  its  sides,  and  of  the 
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Structurb  op  a  Covnt&t  u  tub  Hills  coincidbd  with 
Anticlinals. 

beds  composing  it,  as  they  occur  in  nature,  we  see  at 
once  that  the  arch  is  incomplete,  that  large  portions  of  it 
lave  been  carried  away,  and  that,  though  the  formation  of 
tie  hill  may  have  begun  with  a  bending  up  of  the  rocks, 
8nne  other  cause  must  have  operated  on  it  to  give  it  its 
present  outline. 

The  section  in  Fig.  104  would  give  a  truer  idea  of  the 
nlations  between  the  shape  of  the  ground  and  the  lie  of 
tke  rocks  beneath  it.  On  the  left  we  have  two  hills,  the 
]t>cks  of  which  lie  in  troughs,  and  valleys  between  cut  out 
of  the  crests  of  arches  in  the  rocks ;  then  follows  a  tract 
where  the  beds  are  folded  into  sharp  curves,  but  the 
mrface,  instead  of  following  these  curves,  has  beenjplaned 
iway  tiil  it  cuts  across  them  in  eveiy  direction.  On  the 
ight  are  lofty  mountains,  from  the  summit  of  which  the 
lads  dip  away  on  each  side  in  the  same  general  direction 
•I  the  slope  of  the  ground,  and  where  surface  outline  does 
Ulow,  to  a  certain  extent,  the  flexTires  of  the  rocks,  and  a 
koad  valley  between  in  which  the  arrangement  of  the 
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iDoks  U  boni^-Uks.  But  lot^ 
at  this  last  case  a  little  more 
closely ;  the  aorfaoe  is  nowhera 
fanned  for  any  space  by  a  plane 
of  bedding,  the  aroh  is  mcve  <nr  , 
less  trunoated  and  defaoed,  and,  >. 
in  order  to  see  it  as  it  \ras  when  //'^ 
the  rocks  were  firat  folded,  we  u  i 
should  have  to  put  back  the  por-  v, 
tions  shovn  by  dotted  lines,  '^k 
which  hftTo  evidently  been  car- 
ried  away.  It  is  eac^  to  see, 
for  instance,  that  poiiions  only 
of  the  bed  marked  A  remain  on 
the  mountain-tops  and  in  the 
valley ;  if  it  had  originally  the 
some  thickness  throughout,  it 
must  once  have  reached  up  to 
the  dotted  contiituation  of  its  up- 
per surface,  and  the  parta  be- 
tween that  line  and  the  preoent 
surface  ore  gone.  The  group  of 
beds  marked  B  also  so  ezsictly 
correspond  on  opposite  aides  of 
the  chain,  that  we  feel  sure  the 
portions  now  so  widely  discon- 
nected must  havo  once  formed 
ports  of  an  unbroken  sheet  of 
strata,  that  this  has  been  bent 
in  the  direction  shown  up  in  the 
ur  by  the  dotted  lines,  and  the 
portion  between  the  two  present 
outcrops  has  been 'removed.  The 
reader  will  see  by-ond-by  that  it 
does  not  necessarily  follow  from 
this  that  the  mountains  have  ever 
bean  oa  high  as  the  restoration  of 
the  miaeinK  parte  of  the  beds 
would  make  them ;  all  that  is 
asserted  is,  that  the  portiona  be- 
tween the  dotted  lines  and  the 
■urfsoe  have  been  removed. 

The  inequalities  of  the  surface 
of  the  ground,  then,  ore  not  due, 
~y  ia  a  minor  degree. 
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to  ih9  folda  into  irbicb  the  rocke  beneath  it  have  been 
thrown ;  some  words  naed  a  little  way  back  point  unmistak- 
lidy  to  the  cause  to  which  they  are  mainly  due.  Completing 
Ihe  caries  in  Fig.  104»  and  restoring  the  ardi  to  its  origin^ 
ihape,  we  find  that  parts  of  it  have  been  carried  away, 
Igain,  why  does  the  nill  on  the  left  stand  up  so  oonspi- 
moofl^  ?  The  rock  at  the  summit  and  those  on  its  flanks 
lid  l^ot  originally  terminate  where  they  do  now,  but 
tretx^hed  ri^t  and  left,  as  shown  by  the  dotted  lines. 
Cbese  dotted  parts  have  been  carried  mc«Wn  The  reader  has 
loubtless  before  this  said  to  himself,  ''  Yes ;  and  what  cax^ 
iad  them  away  can  have  been  nothing  else  but  denuda- 
ion ; "  and  he  will  be  right,  for,  as  far  as  we  know,  there 
i  nothing  else  that  can  have  done  it. 

The  oondusion,  then,  we  come  to  is,  that  in  most  casef 
raliayB  have  been  carved  out  by  denudation,  and  hills  ar^ 
rlut  denudation  has  spared ;  and  that  even  in  those  cases 
rhere  hills  and  valleys  may  have  originated  in  a  bending 
ip  or  bending  down  of  the  rocks  beneath  them,  their  out- 
ine  is  still  very  largely  due  to  denudation. 

It  will  be  enough  to  refer  the  reader  to  two  of  the  count- 
900  instances  in  which  not  a  doubt  can  e^t  that  striking 
iflla  are  merelv  remnants  that  have  escaped  denudation, 
fo  better  proou  of  the  truth  of  this  assertion  can  be  f  oimd 
lum  the  mountains  on  the  west  coast  of  Sutherland  and 
UMOy  figured  in  ''Siluria,"  p.  170,  and  so  eloquently  de* 
Bribed  by  Hugh  Miller  (''The  Old  Bed  Sandstone,"  p.  56}; 
nd  the  Scibr  of  Eigg,  described  by  Professor  A.  Ueikie 
Suftrt  Joum.  (}eoL  Hoc.  of  London,  xxvii.  303.) 

The  troth  that  the  present  inequalities  of  the  surface  are 
lainlj  due  to  denudation  was  first  clearly  seized  upon  by 
[utton.  His  conclusions  are  thus  elegantly  summed  up 
Y  Flftyfair.  ''It  is  where  rivers  issue  through  narrow 
afilea  among  mountains  that  the  identity  of  the  strata  oq 
^Ox  aides  is  most  easily  recognised,  and  remarked  at  the 
pane  time  with  the  greatest  wonder.  On  observing  the 
otognac,  where  it  penetrates  the  ridge  of  the  Allegnany 
[^njitains,  or  the  Irtish,  as  it  issues  from  the  defiles  of 
Itsi,  there  is  no  man,  however  little  addicted  to  geological 
>eculations,  who  does  not  immediately  acknowledge  that 
be  mountain  was  once  continued  quite  across  the  space  in 
bieh  the  river  now  flows ;  and,  &  he  ventures  to  reason 
vnoeming  the  cause  of  so  wonderful  a  change,  he  ascribes 

to  some  great  convulsion  of  nature,  which  has  torn  th^ 
lountain  asunder  and  opened  a  passage  for  the  waters. 
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It  is  only  the  plulosopher,  who  has  deeply  meditated  on  the 
effects  which  action  long  continued  is  able  to  produce,  and 
on  the  simplicity  of  the  means  which  Nature  employs  in  all 
her  operations,  who  sees  in  this  nothing  but  the  gradual 
working  of  a  stream,  which  once  flowed  over  the  top  of 
the  ridge  which  it  now  so  deeply  intersects,  and  has  cut  its 
course  through  the  rock  in  the  same  way,  and  ahnost  with 
the  same  instrument,  by  which  the  lapidazy  divides  a  block 
of  marble  or  granite."  * 

Amoimt  of  Denndatioxi. — ^It  is  desirable  at  the  outset 
that  we  should  clearly  realise  how  enormous  has  be^  the 
amount  of  the  matter  carried  away  to  form  the  present 
surface  of  the  ground.  For  this  end  the  reader  isumot  do 
better  than  turn  to  Professor  Kamsay^s  paper,  "On  the 
Denudation  of  South  Wales  and  the  adjacent  Counties  of 
England"  ("Memoirs  of  the  Geological  Survey  of  Great 
Britain,"  vol.  i.  p.  297).  To  illustrate  the  methods  employed 
to  calculate  what  is  the  quantity  of  rock  that  has  been  re- 
moved, one  of  the  sections  of  that  paper  is  reproduced, 
with  trifling  modiflcations,  in  Fig.  105.  The  part  drawn 
with  strong  lines  represents  the  rocks  below  the  surface; 
it  is  constructed  by  first  obtaining  an  accurate  profile  of  the 
ground  by  levelling;  the  different  beds  that  come  out  to-day 
along  the  line  are  then  examined,  and  their  dips  measured, 
and  they  are  then  drawn  in,  each  with  its  proper  dip.  ^ 
this  way,  starting  on  the  south,  we  pass  over  four  grooi* 
of  rocks,  which  are  called  respectively  Coal  Measures,  Car* 
boniferous  Limestone,  Old  Ked  Sandstone,  and  Silurian, 
and  come  out  one  from  below  another  in  the  order  in  which 
they  have  been  named,  with  a  steady  rise  to  the  north. 
About  A  the  southerly  dip  begins  to  decrease,  a  little  farther 
to  the  north  we  reach  a  point  where  the  beds  are  observed 
to  lie  flat,  and  after  passing  this  point  a  dip  to  the  north  s^ 
in  and  gradually  increases  in  amount.  Tina  shows  us  that 
A  lies  on  the  crest  of  an  arch,  or  anticlinal,  into  which  the 
rocks  have  been  bent.  K  we  continue  the  same  kind  o* 
observations,  we  fiLnd  that  this  arch  is  succeeded  by  * 
trough,  and  the  trough  again  by  a  second  arch,  on  the 
northern  flank  of  which  the  dip  is  steadily  to  the  north  Qp 
to  the  end  of  the  section. 

In  the  Silurian  rocks  there  is  a  well-marked  and  easily 
recognised  bed  of  Limestone  marked  by  a  black  ^^ 
This  bassets  at  B  and  C,  but  the  bed  cannot  have  origi^' 
ally  ended  at  these  points  as  it  does  now.    Before  the  str^^ 

*  Works  i.  116. 
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were  folded  into  their  pT«ent  fonn,  it  must  have  spread 
out  BS  an  unbroken  sheet  through  the  body  of  the  Silariita 
rocks  ;  and  if  we  carry  on  its  under  and  upper  boundariea, 
bending  them  bo  that  their  dip  maj  be  always  the  eama  um 
that  observed  in  the  rooks  beneath,  we  shall  see  how  much 
of  the  Limestone,  and  of  ths  beds  under  it,  has  beea  swept 
away  in  the  wuree  of  the  formation  of  the  preeent  saxU,cm. 
In  tiie  same  way  we  determine  the  original  counectioB  of 
the  baaseta  of  this  bed  at  0  and  J).  Again,  the  Old  Bed 
Bandstone  appears  on  both  aidee  of  the  arch,  but  it  cannot, 
any  more  than  the  Lim^etone  bed,  have  ended  originally 
as  it  does  now.  Iiet  ua  cany  on  its  upper  and  under 
boundariee,  being  careful  to  keep  them  everywhere  parallel 
to  the  curree  drawn  for  the  IJmestone  bed,  and  we  ahall 
obtain  the  outline  of  the  belt  wliieh  onee  connected  th« 
detached  outcrops  on  the  eouthem  and  northern  flanks  of 
the  arch. 

The  lines  showing  the  former  connection  of  tiie  rocks, 
obtained  in  the  manner  jusi  described,  are  dotted,  and  the 
tinted  space  between  them  and  the  surface  shows  how 
much  baa  been  swept  o^  by  denudation.  The  scale  of  the 
section  is  the  same  for  heights  and  distanoee,  so  that  eretj- 
thing  is  in  its  true  proportion,  and  a  glance  will  show  how 
insignifica^t  is  the  portion  of  the  rrxXB  that  now  reraaina, 
compared  with  that  which  has  disappeared.  The  tinted 
portion  in  the  figure  is  more  than  two  square  miles  in  area, 
BO  that,  for  every  mile  in  the  length  of  the  anticlinal,  upwards 
of  two  cubic  mUes  of  material  must  have  been  swept  off  to 
give  ua  the  present  surface — enough  to  cover  the  whole  of 
Great  Britain  to  a  depth  of  nearly  a  foot.  And  this  is  not 
all,  for  probably  not  only  the  Old  Bed  Sandstone,  but  the 
Corboniieroua  Limeatona  and  the  Coal  Meaaurea  as  well, 
wore  onca  continuous  over  the  area,  and  they  are  wholly 
gone  along  the  greater  part  of  the  line. 


The  surfooe  of  the  earth,  then,  has  been  carved  lato  its 
present  shape,  and  denudation  is  the  instrumMit  that  did 
the  work.  We  have  already  seen  that  a  number  of  different 
agents  take  part  in  the  process  of  denudation,  and  we  must 
now  inquire  how  the  task  has  been  portioned  out  among 
them.  In  a  former  chapter  on  denudation  we  dealt  mostly 
with  the  character  of  the  waste  resulting  from  its  action  ; 
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w^  bsre  h^are'tolook  toihe  kittd  ol  eurfaoee  ihftt  Meh  «t  its 
clllttiiig  took  gires  nse  to. 

gjiw^  «f  the  8Mk — ^We  will  begin  'with  the  bea.  A 
rerj  litde  refleetion  will  oonvince  ua  that  eren  at  moderate 
deptibfl  the  sea  oaa  do  y^  little  denuding  work  of  any 
kind.  We  hare  Beeh  tiiat  running  water  07  itself  is  not 
aUe  t6  cut  or  wear  the  rocks  it  flows  over ;  but  that,  if  the 
emreat  is  strong  enough  to  cany  in  suspension,  or  rdl 
•kmg  ebarse  seiument,  a  large  amount  of  erosion  is  pro^ 
dnced  bj  the  aid  of  the  latter.  Now  the  circulation  of  thid 
denftha  ol  the  ooean  is  carried  oh  by  currents  in  all  proba- 
mai^  of  yery  moderate  velocity ;  and  the  water,  if  it  hold 
a&ything  in  suspension,  must  be  charged  with  fine  mud  or 
oose  instead  of  the  rough  sediment  which  enables  rivers  to 
taert  so  powerfiil  a  cutting  action.  That  this  is  the  nature 
of  a  veiy  large  proportion  of  deep  s^  bottoms  has  been 
abundantly  shown  by  soundings,  and  even  in  the  cases 
wiMre  the  sea-bed  is  strewn  with  coarser  detritus,  a  large 
fragment  is  of  rare  occurrence.  Professor  Wyville  Thomson 
gives  two  sudi  cases  met  with  in  dredging  to  the  north  of 
Soolland.  In  one  haul  the  largest  pebble  weighed  421 
grains  or  f  of  an  ounce,  and  may  have  been  about  the  sise 
of  a  walnut,  and  no  other  was  met  with  anything  like  so 
large.  In  another  Case  718  fragments  were  brought  up 
from  a  depth  of  1,443  fathoms ;  one  weighed  3  grains,  the 
Test  being  from  i  to  a  i  of  a  grain  in  weight.* 

The  deep  portions  of  the  sea,  therefore,  do  not  possess 
the  eondilions  necessary  for  denudation,  and  we  may  con- 
elude  that  the  only  change  that  can  happen  to  a  surface 
Iniried  beneath  them  will  be  the  gradual  filling  up  of  any 
inequalities  that  may  exist  by  the  deposition  of  fine  sediment. 

But  it  is  otiierwise  when  we  come  to  the  coast -line. 
There  we  And  abundant  implements  of  destruction  fur- 
nished by  the  piles  of  broken  rock  and  rubbish,  which 
atmospheric  disintegration  and  the  undermining  of  the 
wares  are  always  detaching  from  the  cliffs.  These  the 
breakers,  as  they  are  driven  in  by  violent  gales,  hurl 
against  the  rocks  of  the  shore,  and  in  this  way  incessant 
destruction  of  the  latter  goes  on,  the  land  is  slowly  worn 
back,  and  the  sea  advances  steadily  inland,  f  But  this 
takes  |daoe  only  between  the  limits  of  high  and  low  tide, 
aad  practically  marine  denudation  is  confined  to  this  zone. 

*  Depth*  of  the  Sea.   App.  C.        and  Geology  of  Scotland,  dbap. 
t  For  details  the  reader  may      iii. ;  Lyell*B  Prmoiplee»  10th  sd., 
tarn  to  F^  ▲.  Qeilde'i  Soenery      chape,  zx.  and  zzL 
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The  sea  then  aeU  powerfully  tn  wcrJdng  huik  Us  eoutMMf 
hut  it  does  not  exert  any  appreciable  wearing  actum  hdim  Ai 
level  of  the  lowest  tide  ;  the  result,  therefore,  of  marine  denu- 
dation must  be  to  wear  down  a  country  suhmitted  to  it*  m- 
fluence  to  an  even  surface  coinciding  approxinuddy  ioith  Hn 
level  of  the  lowest  tides.  When  it  has  done  this,  it  can  do  no 
more  in  the  way  of  destruction,  and  it  suddenly  change 
its  part  to  that  of  a  oonservatiye  agent,  for  its  waters  pro- 
tect the  plain  so  formed  from  the  wadon  of  other  denuaing 
forces. 

Of  course  it  is  not  intended  to  assert  that  the  sea  everj- 
where  advances  at  the  same  rate ;  its  progress  depends  on 
the  hardness  and  structure  of  the  rocks  opposed  to  it,  as  we 
shall  see  more  fully  in  a  subsequent  section  of  this  chapter. 
It  is  this  irregular  advance  that  gives  rise  to  bays  and 
promontories  and  other  inequalities  of  the  coast-line;  but, 
given  time  enou^,  even  the  boldest  headland  will  be  at 
last  cut  back.  Isolated  pinnacles,  stacks,  and  skenies 
often  hold  their  own  for  a  long  time  against  maiine 
denudation,  and  stand  up  as  landmarks  to  i£ow  the  space 
over  which  it  has  worked  its  way,  but  in  the  end  theee  are 
undermined,  to2)ple  over,  and  are  cleared  away. 

Plain  of  Marine  Denudation. — ^The  even  surface  that 
would  result  from  the  action  of  marine  denudation  alone 
is  caUed  a  ^*  Plain  of  marine  denudation." 

But  in  order  to  get  such  a  plain  we  must  not  have  any 
denuding  forces  at  work  besides  the  sea,  for  a  veiy  short 
exposure  to  subaerial  denudation  would  soon  destroy  the 
uniform  flatness  which  is  its  characteristic  feature.  Sudi 
a  thing  then  as  an  immodifled  plain  of  marine  denadati(»i 
never  can  have  existed ;  and  if  there  ever  had  been  suA  • 
thing,  we  cannot  expect  to  find  any  cases  where  it  stifl 
retains  perfectly  its  original  character. 

But  by  careful  attention  we  can  yet  detect,  even  among 
the  wonderfully  diversified  features  of  the  present  surfece, 
traces  of  the  horizontal  planing  of  the  sea  by  which  that 
surface  began  to  be  formed.  If  we  draw  a  section  on » 
true  scale  across  a  coimtry  free  from  great  mountain 
chains,  it  will  in  many  cases  be  something  such  as  is  shown 
in  Fig.  106.  There  will  be  hills  and  valleys,  but  it  wiU  ^ 
found  possible  to  draw  a  straight  line,  A  B,  gently  indinen 
seawards,  that  wiU  touch,  or  nearly  touch,  the  tops  of  most 
of  the  hills,  while  none  of  them  will  rise  above  it.  H  ^® 
took  a  raised  map  of  the  countiy  and  laid  a  flat  board  up^ 
it«  the  same  would  be  true  for  the  board.    Now  it  is  Vlk»J 
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that  the  surface  represented  by  the  board  is  the  flat,  that 
would  have  followed  from  marine  denudation,  if  other 
denuding  agents  had  not  come  in  to  modify  the  result 
which,  acting  alone,  it  would  have  produced. 

A  yerj  striking  instance  where  such  a  plain  as  wo 
have  described  can  still  be  very  distinctly  recognised,  was 
brought  before  the  writer's  notice  during  a  short  journey 
on  horseback  over  the  wild  country  in  the  west  oi  Anda- 
lusia. At  first  view,  this  region  seemed  to  be  a  gently 
undulating  expanse,  stretching  out  as  far  as  the  eye  could 
reach,  over  which  it  looked  as  if  one  could  ride  straight 
away  without  check  or  hindrance.  A  very  short  time 
sufficed  to  show  how  different  the  reality  was  from  the 
appearance.  Steep-sided  valleys,  sometimes  deserving  the 
name  of  ravines,  stretched  across  the  route  in  quick  suc- 
eession,  down  which  the  horses  had  warily  to  pick  their 
way,  and  out  of  which  they  had  laboriously  to  toil,  and 
for  a  great  part  of  the  way  the  rate  of  progress  did  not 
practically  exceed   a  foot's   pace.      The  conviction   was 


Fig.  106. — Section  showing  the  probable  Relation  of  the  pbb- 
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forcibly  brought  home  to  the  mind  that  the  history  of 
the  formation  of  the  surface  was  something  like  this.  The 
country  had  been  first  smoothed  away  by  some  horizontally 
planing  force  to  an  even  surface,  and  afterwards  the 
valleys  had  been  cut  down  below  its  level  by  a  trenching 
process  that  acted  vertically.  After  what  has  been  said 
the  reader  wiU  recognise  the  sea  as  the  first  of  these  agents, 
and  he  will  shortly  see  that  the  excavators  of  the  valleys 
have  been  rivers  that  ran  in  them. 

Bhmxe  of  Subaerial  Denuding  Agents. — Bivers. — 
We  may  next  turn  OTir  attention  to  subaerial  denuding 
agents,  and  first  among  these  we  will  take  rivers.  The 
coarse  sediment  that  is  swept  along  the  bottom  wears  away 
the  bed,  and  therefore  rivers,  as  long  as  they  have  suificient 
isJl,  are  constantly  deepening  their  channels.  The  banks 
are  also  undermined,  and  from  time  to  time  x>ortions,  which 
have  been  thus  deprived  of  support,  break  off  and  fall  into 
the  stream,  and  the  channel  thus  becomes  widened.  But 
its  sides,  from  the  way  in  which  they  are  formed,  will 
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ahmjs  tni  to  be  utoep ;  thfllr  i&oliliatkm  will  d^eofid,  jiist 
a«  iti  tke  flMe  of  a  nuwaj  oatting,  <m  the  ^ngie  at  wBkL 
tlM  iDAMhal  of  11m  bvikB  will  stand;  bat  it  wiu  alwaja  be 
considerable,  ubImb  sooie  othsr  dennding  ag«nt  oomss  i& 
to  modify  tke  resahs  wiucb  would  be  produoed  by  xirer 
aotion  alona. 

Riven,  thfwtfm^  arv  4emtim§  iotU,  whuh  Umd  U  ad  dmp^ 
iuM  trmchei  srrMt  a  eouftfrff  ;  and  theee  trmeke9  iktf  mr$  cm" 
HufMliy  deepening  ae  imig  ae  ikey  have  oay  mpprweieMe  faU. 

It  will  be  at  once  objected  to  this  eeneralisatioii,  that 
tbiM  id  not  the  chanu^er  of  the  river  valley*  we  axe  most  of 
iiA  aiHpiaintod  with ;  but  the  reasons  for  this  10,  Aat  we 
havt^  vory  few  of  us  seen  a  vallej  that  is  due  to  river  action 
alouo.  in  the  formation  of  most  river  valleya  other  denud'> 
ing  a|i^>nt8  besides  the  stream  that  flows  in  them  have  had 
a  fi\\i\r\\  tuid  the  shape  of  the  valley  is  the  leeolt  of  the 
joint  ni'tiun  of  aU.  But  a  case  will  be  given  immediatelf 
m  whioh  the  river  has  not  been  interfered  with,  and  here 
wo  ahtill  sue  that  the  result  has  been  ezactlj  auch  aa  wt 
described. 

Wo  will  first  point  out  how  most  river  vaQeya  loee  the 
trench-like  form  with  which  they  must  have  started.  Bain 
and  the  action  of  the  weather  round  off  the  edgea  and  break 
down  the  sides  of  the  trench,  and  thus  the  ateep-eidfld 
gorge  gradually  opens  out  into  a  broad  vaUe^r,  and  the 
widening  goes  on  as  long  as  the  slopes  are  steep  enough 
to  allow  the  disintegratea  matters  to  be  washed  down  into 
the  stream.  One  test  of  the  correctness  of  this  explanation 
readily  suggests  itself.  If  it  is  true,  the  width  of  me  vallej 
ought  to  depend  on  the  ease  with  which  the  rocks  on  its 
flanks  yield  to  atmospheric  wear.  This  is  found  to  be  the 
case.  Many  river  valleys  show  along  their  course  alterna- 
tions of  broad  flats  and  narrow  steep-sided  gorges ;  in  such 
cases  it  is  always  f oimd  that,  where  the  valley  is  broad  and 
open,  the  river  is  running  across  easily  denuded  strata; 
but  that,  wherever  a  ravine  occurs,  its  banks  are  formed  of 
unyielding  roc^ks.  An  instance  of  this  is  shown  in  Fig.  107 ; 
the  portion  of  the  vaUoy  in  the  foreground  slopes  ffently  up 
from  the  river-banks,  but  when  the  river  crosses  me  rasksn 
of  hUls  in  the  distance  the  valley  contracts  into  a  ravine.  On. 
the  right-hand  side  is  a  section,  such  as  would  be  given  by 
a  very  deep  railway  cutting,  which  lays  open  the  geologioai 
structure  of  the  country ;  and  this  shows  us  that  the  part 
where  the  gorge  occurs  is  formed  of  hard,  thiokly-bedded 
Limestone,  while  the  more  imdulating  portion  is  imderlaid 


418 


OSOLOGT. 


by  soft  Sliale.  Examples  of  this  kind  are  common  enougb 
round  the  border  of  the  Carboniferous  Limestone  of  Derby- 
shire ;  as,  for  instance,  where  the  Biyer  Derwent  enters  the 
Limestone  tract  about  a  mile  above  Matlock.  The  gorge 
here  was  originally  only  just  broad  enough  to  admit  the 
river ;  and,  when  the  high  road  was  carried  along  the  vaUej, 
the  gap  had  to  be  widened  by  blasting  away  its  rocky  wafl. 
We  also  frequently  meet  with  river  valleys  whose  section 
is  like  that  in  Fig.  108,  broad  with  gentle  slopes  in  the 
upper  part,  and  a  deep  steep-sided  trench,  in  which  the 
river  flows,  in  the  middle.  In  such  a  case  we  find  on 
examination  that  the  upper  beds  are  soft,  and  have  been 
largely  worked  back  by  atmospheric  causes ;  but  as  soon  as 
the  river  had  cut  down  to  the  more  indestructible  rock  at 
the  bottom,  the  trench  which  it  ate  out  reteuned  more 
nearly  its  original  shape. 


i^^^&  ss 


Fig.  108. — Section  across  a  RrvBa  Valley,  with  oentli  Stor* 

WHERE  THE   BaNKB  ARE    FORMED   OP  SoPT  RoCK,  WAEEOW  iJQ> 
8TEEP-8IDED  WHERE  THE  StREAM  HAS  CUT  DOWN  TO  HaBD  Botf- 

Canon  of  Colorado  an  Example  of  Biyer  Afitioa.— 

But  these  are  matters  that  will  have  to  be  considered  moie 
f uUy  further  on  ;  let  us  now  see  if  we  can  anywhere  hear 
of  a  river  vaUey,  where  the  stream  has  been  let  alone  to  do 
its  work  without  the  interference  of  other  denuding  agents, 
and  learn  what  the  result  of  that  work  has  been.  No 
better  instance  can  be  given  than  the  well-known  one  d 
the  Colorado  Eiver  of  the  West,  which  empties  itself  into 
the  Gulf  of  California.  This  stream  flows  for  nearly  thieo 
hundred  miles  of  its  course  in  a  profoimd  chasm,  sometimee 
not  more  than  fifty  yards  wide,  the  walls  of  which  «w 
approximately  vertical,  and  vary  in  height  from  three  thou- 
sand to  six  thousand  feet ;  that  is  to  say,  the  gorge  la  m 
places  more  than  a  mile  deep. 

No  one  can  deny  the  trench-like  character  of  such  • 
channel ;  but  are  we  sure  that  it  has  been  cut  by  the  river  r 
The  first  explanation  to  suggest  itself  is,  that  this  mighty 
chasm  is  a  rent  torn  open  by  an  earthquake  or  some  simitf' 
convidsion,  which  the  river  has  appropriated  to  its  use.  *^ 
little  examination  shows  that  tins  has  certainly  not  b^ 
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the  waj  in  which  it  was  formed.  The  beds  on  opposite 
sides  oorresx>ond  perfectly ;  and'  the  rock  at  the  bottom, 
though  deeply  eaten  into,  is  nowhere  fissured  and  broken. 
But  what  completely  settles  the  question  is  the  fact  that 
the  country  on  both  sides  is  channelled  in  every  direction 
by  innumerable  narrow,  steep-sided,  winding  chasms, 
which  differ  from  that  of  the  river  only  in  size.  These 
minor  chasms  all  spring  from  the  main  gorge,  and  divide 
and  subdivide  as  they  recede  from  it ;  and  their  arrange- 
ment is  so  exactly  like  the  branching  network  of  a  river 
and  its  tributary  brooks,  that  there  cannot  be  a  shadow  of 
a  doubt  that  it  was  from  such  a  system  that  they  took  their 
rise,  and  that  each  has  been  made  by  a  stream  eating  its 
way  lower  and  lower  down,  till  this  extraordinary  assem- 
ble^ of  ravines,  which  are  known  by  their  Spanish  name 
of  canons,  has  been  produced. 

This  explanation  is  further  confirmed,  when  we  find  at 
Tarious  points  along  the  canon  patches  of  River  Gravel 
lodged  far  above  the  level  of  the  highest  floods,  and  great 
sheets  of  similar  Ghravel,  spreading  over  the  flat  bottom  of 
the  valley  where  it  opens  out  below  the  gorge,  the  pebbles 
of  which  are  formed  of  the  rocks  at  the  top  of  the  wall  of 
ihe  canon. 

There  can  be  no  doubt,  then,  that  the  Great  Canon,  and 
ihe  ionumerable  ravines  that  spread  out  from  it,  have  been 
formed  by  streams  that  run,  or  once  ran,  in  them;  and, 
what  is  more,  the  other  condition  we  were  in  search  of  is 
also  satisfied  here,  no  other  denuding  force  has  had  a  share 
•fi  their  formation.  For  the  district  is  practically  rainless ; 
«nd  this  is  the  reason  why  the  canons  are  so  markedly 
trench-Hke — ^there  has  been  no  atmospheric  wear  to  round 
off  their  edges  and  work  back  their  walls. 

"We  have  found,  then,  here  exactly  what  we  wanted,  a 
CBflO  of  river-action  pure  and  simple ;  and  learn  from  it  that 
:tiYer8  are  denuding  tools  that  act  vertically,  and  that  the 
channels  they  cut,  when  they  are  left  to  themselves,  are 
^teep-sided  trenches. 

Tne  line  of  reasoning  we  have  been  pursuing  will  be 
perhaps  made  somewhat  clearer,  if  we  consider  a  little  more 
^n  detail  the  formation  of  the  Great  Canon  and  its  tributaries. 
TThe  country  traversed  by  it  is  an  elevated  plateau,  varjdng 
in  height  from  five  thousand  to  eight  thoTisand  feet  above 
%he  sea ;  from  this  table-land  a  wall  of  moimtains  rises  on 
either  side,  the  Sierra  Nevada  on  the  west,  and  the  Rocky 
fountains  on  the  east.     The  two  bounding  ranges  run 


mo  Aflr  Vr^  ^  *^^  ^"^^  ^'^  Bontht  mndinthiawsytfad 
maW»i» WiWMd im  on  an  sides  by loftj mouniaioA, 
^^  ^  rriMt  Waa  »  laniiBd.  The  western  barrier  b 
Vm^  ^5  ^««*  P«^  opemgs,  tWgb  wlych  Aa 
,iMJMM  k  ^iwdi«5!i  ^  «kw«  gw«*  «▼«»'  o^  ^^  "^* 
v.WMtti  »>ioi«.  tW  &tti."t  »  sM  but  rainleea ;  and,  ai 
j^  ifetf  wTttur  dbtt  i»  biwB^  iaito  i^  by  tke  men  llowt 
^jrttoc  -Jb#  bomm  jc  Tnn^bond  caaoM.  tbe  surface  is  dry 
,^jJ^,«,awiL  anii  ill  xwac  wrt  "4^  Butth»wM 

^tiit  !iL»:i«^  3»  ofianwwBr  ^  :ifca  wgMi.  The  system  (A 
jmsHu^  ^ii*»»  ^i«  ^  w»a«ai»»ed  by  a  network  ol 
,i«iitmk  wftoA  4iiwwim:i»  nsfiML  aad  there  are  other 
^^^^ir  *>fibntuiic  :a«  ^  «»  ™«rty  well  wat^ 

^MTJgiaaHy    ' 


^rll*?  W  a  iai*.  or  inn.  »  w^ttts  of  wbicli  were 
:^^=:;.-*.^  >.»^¥  hr  the  wwmn.  miaiif  —  bamer,  and  wlioee 


^^«S^  es«iH  thn.ugii  «iudii»  Jupw-Mis  at  the  eame 
sMfm  where  tlmt  winK^  »  now  iac:ftBiiii«h  by  the  q^mn^ 
Jwiady  mpiif^m^r     At  thai  rmt  aoai  MMt  **^»  <?«»2[ 
stood  much  loNvni^  Umii  now;  bm4ABf*wfciJe  etofationeet 
in,  and.  ««  ii»»*  l«»d  nmo,  the  natete^^L  «b» mountain  rangej 
throtign  wliit'h  tho  wator  ran  out.  -•«♦  worm  deeper  and 
dooi)«»r»  ""«!  tlio  lovol  of  tlio  lakes  JcupcmL  till  the  basin  wtf 
at  lant  laid  dry.   Thus  wa«  formed  a  tatt  ^i  land,  the  diain- 
ago  of  which  passed  out  througti  thf"  ^«rea  which  had  >» 
their  infancy  given  exit  to  the  water  <A  thfr^itosiw  Elevitifla 
still  went  on,  and  in  consequence  tue  fianrML  and  the  lifff 
channels  that  emptied  through  them,  werexxmiajaLJiBiij  beiBg 
cut  deeper  and  deeper,  till  their  present  ezMiMoas  depth  wai 
attained.     One  thing  more  was  wanted  no  giv*  ihe  coonttT 
its  present  peculiar  character ;  r«m  would  Baeritahly  wa» 
in  the  sides  of  the  chasms  and  convert  tliem  from  canon* 
into  broad  valleys.    This  result  was  prevented  by  a  decreaw 
in  the  rainfall,  which  may  have  been  brought  about  thu*- 
Before  the  region  reached  its  present  height,  tliough  it  was 
surrounded  by  a  bolt  of  hills,  these  were  of  too  moderate 
an  elevation  to  intercept  the  clouds  that  passed  over  the*» 
and  moist  winds  therefore  were  able  to  reach  the  intenor; 
but  when  the  encircling  lulls  became  converted  into  kiftT 
mountains,  the  wind,  from  whatever  quarter  it  blew,  wai 
robbed  by  them  of  all  its  moisture  before  it  reached  tk« 
central  plateau,  and  the  latter  became  in  consequeiwe  J 
rainless  area.     The  gradual  elevation  of  the  land,  then,  bed 
a  twofold  result :  the  rivers  were  enabled  to  go  on  defff^ 
ing  their  channels,  and  rain  was  kept  away.    The  oaaco^ 
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owe  tbeir  formation  to  the  first  of  these  results,  and  their 
preserFotiQn  to  the  second.* 

Otibsir  gubxrial  Denuding  Foroas. — The  whole  army 
of  sabaeiial  denuding  agents  aseiBt  in  the  work  of  widening 
the  trenoh-like  excavations  to  which  riyers  give  rise,  and  in 
destroying  in  countless  ways  the  uniformity  of  the  plain  ol 
xaazme  denudation. 

A  description  of  the  mode  of  action  of  each  has  been 
giren  in  Chapter  HI.,  from  which  the  reader  will  be  able 
to  gather  how  eadii  contributes  its  share  to  the  general 
resnli.  The  peculiar  sur&ce  features  due  to  moving  sheets 
<if  ioe  win  be  treated  of  in  a  separate  section. 

Tian^aWrt — Among  Ihe  many  ways  in  which  subaerial 
^bpndfng  forces  bring  about  the  widening  of  valleys,  one  of 
*tlie  most  important  is  by  the  formation  of  landslips. 

When  the  top  of  a  hul  or  the  summit  of  a  steep  ridge  is 
^mpped  by  hard,  massive,  heavy  rock,  beneath  which  lie 
wmlter  and  more  yielding  beds,  the  weight  of  Ihe  rock  atop 
to  crash  down  and  drive  outwards  along  the  hill-face 
eoft  strata  below.    In  this  way  portions  of  the  capping 
deprived  of  support,  break  ofiP,  and  slide  f  or  topple 
rer  down  the  slope.    Very  frequently  this  goes  on  till  the 
rhde  hillside  from  top  to  bottom  is  strewn  with  slipped 
iflses  piled  one  on  the  top  of  another  in  wild  confusion. 
ewerj  case  where  the  above  conditions  are  present,  there 
be  a  tendency  to  the  formation  of  landslips,  and  sundry 
^caAer  circumstances  will  increase  this  tendency  and  render 
formation  the  more  easy.    Firstly,  the  breaking  off 
the  upper  rock  will  take  place  the  more  readily,  if  it  be 
irTetBed  by  large  open  joints.    A^ain,  if  the  dip  of  the 
"  I  be  from  the  hillside  mto  the  vafiey,  that  is  towards  the 
on  whidi  there  is  no  support,  the  surfaces  of  the  beds 
'form  inclined  planes,  down  which  detached  portions  of  rock 
tend  to  sUde ;  on  the  other  hand,  if  the  dip  be  into  the  hill, 
abate  will  be  no  tendency  to  slide,  and  landslips  can  be 
framed  only  by  the  cruslung  out  of  soft  imderlymg  strata. 
Fuxther,  if  the  cap  be  an  open  porous  rock,  and  the  beds 


*  For  dflteilfl  about  thia  eztn^ 
ofdioaiy  leeion,  tee  the  Report 
d  the  Eicploring  Expedition  of 
tibs  Amwicim  Govenunent  (Waah- 
iagfton.  1861).  There  is  a  good 
■tslisct  in  Katme,  i.  434,  and  a 
deteription  of  the  plateau  in  Sir 
WcBtworth  Bilke*!  Greater  Bri- 
8ee  also  F^f.  Hayden's 


Sun     Pictures    of    the   Bocky 
liountains,  chap,  rii 

t  It  is  perhaps  hardlj  correct 
to  use  this  word,  for  there  would 
be  too  mudi  friction  to  allow  of 
pure  sliding.  By  what  means 
exactly  the  loosened  portions  are 
enabled  to  move  is  not  very  cer- 
tain, b«t  move  th^  do. 
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^^4^  UBMCWQtk  w«  bftre  one  of  the  most  impoitant  aids 
ill  :h«^  i»mttfi»a  ol  laniiklips^  The  water  whidi  sinks  into 
A*  ^p«  ^wd  iM«wfc  tin  it  waiiee  the  impervious  strato 
ViM^w  ^  Vrta^  ^i^««  Tmaifo  to  penetrate  lower,  it  ruMoff 
io^oiC  \art  m«»  »»^  JMrtian.  and  the  moistening  of  tlie 
xmii^  ^sttrtiLM  at  :2te  Vica»L  stratom  either  makes  the 
^iKStw%i  iiwr.  m  wmiit  :h*  maai  abore  rests,  sUppery,  or 
^u-^ww  Tiii^  «T  Miiiiaa  MQun  easier  than  it  would  be 


r^tf  \«vci/a  «i  FicT  1 W  ibisczattB  an  actual  case  wbew 
Ail  :jto*  VrntaitiaB*  t-Bndin|r-u  i»  fixmaticm  of  landsUpe  aw 
^,Ki»i  T.o«<4her.  The  It*  Irank  of  die  yaUey  is  crowned 
>c  a  thick  b«l  <^^  Sandstontj,  -loidL  is  massive  and  heavy, 
»T«rsed  by  l«<Ti^  *Mwn  joiii».  and  pervious  to  water; 
taieath  it  ^i^  ^^^^J*  ^^  whole  nesi^iaiparvioQB,  and  so  much 
softer  ihm  »^v^  Sandstone  thaf  water  can  easily  reduce 
them  b^ ^  *^*^  ^"^  mud;  the  dip alsa sdown  into  theTslley. 
Th(it  i^^^^^^uution  has  produced  ^»  lawb  that  might  he 
expfHMtHl.  *uid  the  whole  flank  is  eovand  with  large  land- 
sH|Mi,     Oa  tho  opposite  side,  any  tendenry  there  may  he  to 


Fig.  109. — Section  to  illubthatb  the  Foucatiqv  of  Lammu^ 

1.  Maaidve,  jointed,  pervioua  SaadalaM. 

2.  Solt,  impervious  Hhale. 
8.  Londalipe. 

the  formation  of  landslips  is  counteracted  by  the  dip  of  the 
beds  into  the  hill,  and  not  a  single  slip  has  oocaired. 

One  or  two  additional  cases  of  well-known  landslips  may 
be  noticed  here.  Enoimous  slips  occur  round  the  basaltic 
plateau  of  the  north-east  of  Ireland.  The  cap  of  this  tal^ 
land  is  a  sheet  of  massive  Basalt,  seven  hundred  or  ei^ 
hundred  feet  in  thickness  ;  beneath  this  comes  Chalk,  whidi 
rests  on  Marl  or  Shale.  These  lower  beds  are  softened  hy 
percolating  water,  and  crushed  out  by  the  weight  above. 

Landslips  on  a  large  scale  take  place  on  the  Dorsetshii® 
coast.     The  section  of  the  cliffs  is — 

4.  Chalk. 

3.  Sandstone  with  Chert.     (100  to  150  feet.) 

2.  Loose  incoherent  Sand,  called  Fox  Mould.    (^^^ 

to  200  feet.) 
1.  Lias  day  (impervious). 
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The  three  upper  beds  are  pervious,  but  the  water  is 
stopped  at  the  lias  Clay.  The  loose  Fox  Mould  is  under 
no  circumstances  very  well  able  to  support  the  weieht  of 
the  beds  above,  and  when  it  becomes  full  of  water  it  is  still 
furiher  weakened,  and  portions  of  it  washed  out  along  the 
face  of  the  cliffs ;  the  dip  also  is  seawards.  There  is  every- 
thing, therefore,  favourable  to  the  production  of  landslips, 
and.  they  occur  on  an  enormous  scale.* 

The  picturesque  undercliff  of  the  Isle  of  Wight  owes  its 
vild  and  rugged  outlines  to  the  piling  one  upon  another  of 
landslips,  which  have  from  time  to  time  broken  off  from 
the  cliffs  and  hillsides  above.  The  section  of  the  solid  hill 
face  shows — 

(  3.  Chalk. 
Pervious.      <  2.  Sandstone,  Sand,  and  Sandy  Clay.  (150 

(  feet.) 

Impervious.     1.  Gkiult  Clay. 

The  beds  dip  seawards,  and  the  surface  of  the  Gault  Clav 
is  rendered  so  unctuous  and  sHppery  by  the  water  which 
reaches  it  through  the  0Yerl3ring  strata,  that  sliding  readily 
goes  on.  The  cause  is  so  obvious  that  the  Gault  goes 
tocaUy  by  the  name  of  the  "  Blue  Slipper." 

The  masses  detached  by  landslips  are  more  or  lees 
shattered,  and  hence  fall  a  prey  to  a^ospheric  destruction 
more  readily  than  when  they  formed  part  of  a  solid  rock ; 
thus  landslipping  becomes  a  very  efficient  aid  in  widening 
those  valleys  along  whose  flanks  it  goes  on. 

BMon-shaped  Lie  of  Ontliem. — One  more  fact  in  con- 
nection with  landslips  caUs  for  notice.  It  wiU  be  found  to 
be  veiy  generally  the  case  that,  where  a  hilltop  is  capped 
by  an  outlier  of  rock,  the  dip  is  on  all  sides  into  the  hill. 
'Die  reason  of  this  is  that  the  inward  dip  hinders  the 
fonnation  of  landslips,  and  so  contributes  to  the  preserva- 
tion of  the  outlier.  An  outlier^  whose  beds  dipped  from 
the  centre  outwards,  would,  if  other  conditions  were  favour- 
able, shed  off  landslips  all  round,  and  would  thus  be  soon 
carried  away  altogether.  The  above  rule  is  so  very  general, 
that  the  mere  occurrence  of  an  outlier  on  a  hilltop  affords 
strong  presimiptive  evidence  that  the  beds  of  the  hill  lie  in 
aba8m.t 

*  See  a  detailed  account  of  a  f  Rnskin,    Modern    Paintere, 

^ery  large  slip  at  Axmouth,  by      vol.  iv.  chaps,  xiii.,  xiv. ;  Topley, 


n.  Conybeare  and  Buckland      G^l.  Mag.,  iii.  438. 
(Murray,  1840),  and  Lyell*s  Frin- 
Qipl«0y  10th  i.  ed.,  636. 
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Stops  in  the  gowttatioii  «f  tiM  •uHhM.— ^Ilayi^ 
now  seized  on  the  pxinioipal  result  of  the  action  of  dxfferet^ 
denuding  agents,  let  ua  tiy  if  we  oan  picture  to  oursdr^ 
the  steps  by  which  a  mass  of  rock  f  onned  beneath  the  9(8^L 
is  converted  into  a  land  sur&oe  diTendfied  by  hiU  aa-^ 
yalley.    First  came  the  upheaval,  and  this  we  h»ire 
was  eiffected  by  a  bending  of  the  (»iginally  horicoaital 
into  a  series  of  arches  and  trou^^,  the  fonner  of 
gave  rise  on  emergence  to  tracts  of  dry  land.    But  th^^^ 
result  was  not  accomplished  without  a  struggle ;  wheneve^^^ 
one  of  these  broad-backed  masses  reached  the  suxEaoe  otf^ 
the  water,  it  came  within  the  range  of  marine  denudation*- ^  -; 
The  waves  attacked  it  and  pared  it  away,,  and,  as  it  ~ 
was  slowly  lifted  up,  slice  after  slioe  was^  planed  off  th( 
top.    Thus  a  constant  battle  went  on  between  flie 
opposing  forces,  the  one  striving  to  raise  the  Bubm< 
mass  beyond  the  reach  of  the  waves,  the  other  wearing  i1 
away  down  to  the  sea-level  as  fast  as  it  got  its  head  above 
water.    But  at  length  the  up-arching  movement  gained  the 


T^,  110.-— SsOnON  ACB088  A  GOUNT&T  AFTBK  THB  t'OHMATlOK  OF 

PlAur  or  Mabdtb  DsHVDATioir. 
«#.  SealatcL 

masteiy,  and  a  tract  of  diy  land  was  established^  Since 
this  land  had  been  formed  by  the  planing  away,  one  after 
the  other,  of  horizontal  slices  from  the  back  of  the  arch,  its 
surface  must  have  been  nearly  level ;  but  since  it  owed  its 
existence  to  a  bending  up  of  the  beds,  it  would  probably 
be  slightly  higher  in  Sie  middle  than  at  the  mar&;ins ;  and 
the  slope  either  way  would  be  in  the  same  directum  as  the 
dip  of  the  beds. 

Mence  the  surface  of  the  new-horn  land  tpould  comist  of  two  m- 
eUnedplaneSy  meeting  tdong  the  crest  of  the  arehf  and  eloping  thence 
gently  down  to  the  sea-level;  and  the  tnelination  of  the  surface 
on  either  side  would  be  in  the  same  direction  as  the  dip  of  the  beds. 

This  was  the  first  step  of  the  process,  and,  when  it  was 
completed,  a  section  across  the  oountiy  would  be  such  as  is 
shown  in  Fig.  110. 

The  tract  of  dry  land  thus  estabHshed  is  placed  beyond 
the  reach  of  the  sea,  only  to  be  subjected  to  the  action  of 
eubaerial  denudation,  and  we  must  next  inquire  how  H 


I 


T0&1UTJ<W  OF  TALLB7S. 


425 


trill  be  modified  by  atmoflpherio  wear  and  tear.  Fiiat,  nia 
streaniB  orer  it,  and  BeiziDg  on  any  little  inequolitieB  beotnnee 
collected  into  channels.  Since  these  channels  must  folloir 
the  ■lopes,  and  the  ground  slopes  eith»  way  with  the  dip  of 
tlie  hods,  it  is  easr  to  see  that  the  earliest  watercourses  will 
ran  in  the  same  mrectioa  as  the  general  dip  of  the  ooonliT. 
Mtnroaver,  because  these  ehannels.  are  formed  by  lirer 
■etson,  tbc7  will  tend  to  be  treuchlike  in  shape. 


_  ^ Ufamt  itimte  In  tli&  ddcfl  of  tlwtnraahftn 

B  fUaitlT  ftmlBTMBSd  u  to  «Jn  Ux  Idw  bx  tlia  badi  an  mOml.    TlH 

feMB  AtawuimB. 

The  leeond  tUp  turn  coiuitti  i»  the  /ormatum  of  a  teriet  of 
trmt^liie  river  ehannelt  rvnninff  in  the  dirtetiott  of  the  dip. 

'Sha  valleys  thus  formed  cut  acrou  the  oubxops  of  the 
beds,  and  are  hence  called  Tranteerw  ValUy*. 

Vig.  Ill  is  a  bird's-eye  view  of  a  country,  showinx  in  a 
diagrammatic  form  one  of  these  trench-like  valleys  {A  S), 


426 


GEOLOGY. 


e 


oattixig  across  the  strike  of  the  beds,  which  come  to  the 
surface  along  the  lines  ed^  CD,  ef,  JSF,  and  dip  towards 
the  spectator. 

But  these  first-formed  valleys  cannot  long  keep  their 
trench-Hke  shape.     Atmospheric  action,  we  have  seen, 
gradually  broadens  them,  and  it  has  been  further  pointed 
out  that  the  process  goes  on  much  faster  in  some  rocks 
than  in  others,  so  that  along  the  outcrop  of  certain  bed^ 
the  yalley  is  widened  at  a  more  rapid  rate  than  alot^ 
that  of  others.     Hence  arises  that  alternation  of  bro^ 
yalley  and  strait  gorge  which  is  so  constant  a  feature  ^ 
valley  contour ;  and  &om  a  continuation  of  the  same  pr^^ 
cess  still  more  important  modifications  result,  which 
now  proceed  to  notice. 

In  Fig.  Ill,  suppose  that  AB  represents  a  transver^^ 
trench,  and  that,  among  th^  beds  which  it  cuts  across,  c 
and  ef  are  more  easily  denuded  than  CD  and  JSF; 
widening  of  the  trench  wiU  go  on  faster  in  the  first 
than  in  the  second ;  where  it  crosses  C  D  and  E  F  ih 
steepness  of  its  sides  will  be  destroyed  very  slowly,  b 
where  its  walls  are  formed  of  ed  and  ef,  its  edges  will 
more  rapidly  worn  back,  and  little  recesses  will  be  formi 
in  the  face  of  the  trench.    The  continual  washing  in  of  th 
soft  strata  will  deepen  and  extend  these  recesses,  and  the; 
will  creep  step  by  step  outwards  along  the  outcrop  of  sui 
beds,  assuming  in  succession  x>ositions  such  as  those  mark 
by  the  dotted  lines  1,  2,  3,  4. 

A  very  little  reflection  wiU  show  that  this  becomes  in  the 
end  equivalent  to  the  formation  of  two  branch  valleys  run- 
ning along  the  outcrop  of  the  stratum  ef,  the  streams  drain- 
ing which  become  feeders  of  the  original  transverse  river. 

Here,  then,  we  have  arrived  at  the  third  step  in  the 
process  of  valley  excavation.  It  consists  if^  theformatum  ej 
valleys  branching  out  of  the  first-formed  transverse  valleys,  and 
running  along  the  outcrop  of  the  more  easily  denuded  beds. 

The  valleys  thus  formed,  because  ihey  follow  the  strike, 
are  distinguished  as  Longitudinal  Valleys, 

We  have  for  distinctness'  sake  spoken  of  the  three  steps, 
the  Formation  of  the  Plain  of  Marine  Denudation,  tne 
Excavation  of  Transverse  Valleys,  and  the  Wearing  back 
of  Longitudinal  Valleys,  as  having  taken  place  one  after 
the  other.  In  reality  the  last  two,  and  to  some  extent  all 
three,  go  on  together.  The  result,  however,  will  be  evi- 
dently the  same  as  if  each  step  had  been  finished  before 
the  next  was  beg^un. 
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▼all«7S  detarmined  by  Joints.— If  there  be  no  great 
inequality  in  the  rate  at  which  the  different  rocks  yield  to 
denudation,  tributary  valleys  will  still  be  formed,  but  their 
position  and  direction  will  be  determined  by  some  other 
drcumstances.  For  instance,  if  the  rocks  are  well  jointed, 
master  joints  will  be  lines  of  weakness,  well  calculated  to 
be  widened  by  atmospheric  erosion,  so  as  to  give  a  start 
to  a  line  of  valley. 

▼alleys  determined  hy  Fanlts. — Faults,  too,  in  a 
similar  way  sometimes  determine  the  lines  of  valleys. 
Where  hard  and  soft  rocks  are  brought  side  by  side  by  a 
fault,  the  latter  are  worn  away  more  largely  than  the 
former,  and  a  valley  results.  Such  valleys,  like  the  faults 
which  give  rise  to  them,  usually  run  approximately  in 
straight  lines.  It  must  be  carefully  noted  that  in  such 
cases  faults  may  be  said  to  produce  valleys  only  in  so  far 
as  they  give  rise  to  conditions  which  cause  denudation  to 
act  unequally :  they  are  only  the  indirect  originators.  No 
case  is  known  where  the  fissure  of  a  fault  is  a  gaping 
chasm,  such  as  would  form  a  valley  without  the  aid  of 
denudation. 

QnalificationB. — ^The  somewhat  hard  and  rigid  classifi- 
cation of  valleys   which  has  been  just  given,  and  the 
explanation  which  has   been  attempted  of  the  way  in 
wmch  each  kind  arose,  is  of  course  true  only  in  a  very 
general  way.    It  is  a  broad  and,  so  to  speak,  diagrammatic 
description,   in  which  the  main  characteristics  only  are 
retained,  while  many  minor  details  and  divergences  from 
the  eeneral  scheme  are  left  out.    Thus,  there  are  valleys 
whim  are  neither  transverse  nor  longitudinal,  but  have 
had  their  directions  determined  by  causes,  two  of  which 
have  been  just  mentioned,  other  than  the  lie  of  the  beds. 
Other  valleys  again  partake  of  the  character  of  both  kinds, 
running  parallel  to  Uie  strike  for  parts  of  their  course  and 
doesing  it  in  other  parts.     Such  valleys  can  frequently  be 
ehown  to  have  arisen  in  a  manner  which  Fig.  112  will 
explain.    The  fine  parallel  lines  represent  the  outcrops  of 
the  different  rocks,  and  A  £  C  Ib  &  stream,  which  from  A 
to  J9  is  longitudinal,  but  at  the  latter  part  turns  suddenly 
and  assumes  the  character  of  a  transverse  river.    In  such  a 
ease  we  usually  find  an  upward  continuation,  B  2>,  of  the 
-valley,  JB  C,   This  is  now  so  small  in  comparison  with  JB  A, 
"that  it  is  looked  upon  as  a  tributary ;  but  it  is  likely  that 
"the  valley  system  at  first  consisted  of  a  transverse  gorge 
^mly,  of  which  D  B  formed  the  upper  and  B  C  the  lower 


428 


GSOXX>GT. 


part,  and  that  B  A  waa  origmalljr  ft  lohgitaffinai  tribntai^^ 
subsequently  formed.     The  growth  of  the  portiaiis  A  B 
B  C,  has  however  been  more  rapid  than  that  ot  B  B,  tat 
hence  the  latter  has  become  inwigTiifioant  and  sunk  to  thi 
rank  of  a  tributarj,  and  the  ori^mal  feeder,  B  A,  has, 
account  of  its  faster  growth,  reached  a  size  whidi 
it  to  be  regarded  as  a  part  of  the  main  stream.* 

Exceptions  to  our  scheme,  such  as  these,  doubtleas  ooonr; 
but  if  uiej  are  allowed  for,  it  will  be  found  to  be  in  the 
main  a  true  and  useful  classification. 

We  must  indeed  bear  in  mind  that  in  each  indmdval 
case  peculiar  conditions  give  rise  to  i>eculiar  modifieatioos 
of  the  broad  character  of  both  valley  systeins.    And- when 


Fig.  112. — PiAN  OF  A  BivBB  Yallbt,  pabtlt  LovQirunniAL 

AND  PABTLT  T&AXSTBEfiB. 

the  geological  structure  is  very  complicated  and  has  1>een 
produced  by  a  lon^  succession  of  upheavals  and  denuda- 
tions, it  may  be  difficult,  perhaps  ii^ipossible,  fully  to  see 
one's  way  through  the  long  cham  of  events  that  have  had 
a  share  in  the  production  of  the  surface ;  but  in  very  many 
cases  the  description  just  given  wiU  be  found  to  apply 
fairly  well  to  the  present  arrangement  of  lull  and  valley, 
and  traces  of  the  three  different  processes  that  have  been 
mentioned  as  contributing  to  its  formation  may  stili  be 
detected  with  more  or  less  of  certainty. 

Tinal  Basvlts  of  Bnbaerial  D6Biidatio&. — ^Now  that 
we  have  formed  a  notion  of  the  way  in  which  hills  and 

*  This  explanation  was  given  riven  in  the  eouth  of  Ireland. 
by  the  late  Mr.  Jukes  to  aooount  Qnait.  Jour.  GeoL  Boo.,  zviii* 
for  the  eixatio  behaviour  of  some      378. 
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^rallagfB  come  into  flcdstence^  we  ma^  cany  onr  inqiime« 
^L  step  farther,  and  ask  what  is  the  result  of  the  action  of 
0alMimal  denudation  on  the  features  which  it  creates. 

As  long  as  rivers  have  sufficient  fall,  they  continue  ta 
<nit  down  their  channels;  and  though  the  hiHtops  and 
jrlatffanfl  are  act  the  same  time  being  gradually  lowered, 
^et  the  first  process  goes  on  so  much  faster  than  the  second 
-tliat  the  inequalities  of  the  surface  continue  for  a  long 
^time  to  be  not  only  preserved  but  even  increased.  But  if 
^here  be  no  unequal  elevation  of  the  land,  there  will  come 
^t  last  a  time  when  the  continual  lowering  of  the  beds  of 
divers  has  so  far  decreased  their  fall  that  they  are  no 
longer  able  to  deepen  their  valleys;  and  when  this  has 
^MTine  about,  each  river  will  meander  from  source  to  mouth 
over  a  flat  raised  but  little  above  the  sea-leveL  Atmo- 
fl»plieric  wear,  however,  will  still  continue  to  act  on  the 
^unrounding  hiUs  and  sweep  the  waste  of  them  into  the 
isivera,  whidi  bear  it  away,  and  so  in  time  they  too  will  be 
<deaTed  off.  Thus  the  final  result  of  atmospheric  denuda- 
'tton  is  to  destroy  the  features  which  itself  gave  rise  to,  and 
^die  end  of  its  action  is  to  plane  everything  down  to  a  uni- 
form leveL  It  may  be  that  some  of  the  level  surfaces,  which 
eeenn  to  have  preceded  the  present  arrangement  of  hill  and 
^valley,  have  arisen  from  the  long-continued  action  of  sub- 
wear,  and  not  from  marine  denudation. 
The  considerations  just  stated  show  that,  in  the  case  of 
imconf ormity,  the  aenuded  surface  of  the  lower  group 
may  have  been  produced  in  three  different  ways.  Denu- 
dation may  have  been  arrested,  by  the  rocks  being  again 
Submerged,  as  soon  as  the  formation  of  a  plain  of  marine 
denudation  was  complete.  Or  submergence  may  have 
been  deferred  till  subaerial  wear  had  cut  out  hills  and 
valleys.  Or,  lastly,  the  older  rocks  may  have  remained 
above  water  long  enough  to  allow  them  to  be  worn  down 
by  long-continued  subaerial  wasting  to  a  flat  surface.  In 
the  first  and  last  cases  the  floor  on  which  the  newer  rocks 
rest  will  be  fairly  level ;  in  the  second  it  will  be  strikingly 
uneven,  and  the  upper  group  will  fill  up  its  depressions 
and  level  over  its  inequahties. 

Aniwnalmui  Behaviour  of  Bivars  explained. — ^The 
theoxy  of  the  formation  of  valleys  just  given  enables  us  to 
aooonnt  for  some  veiy  puzzling  points  in  the  behaviour  of 
livers,  which  may  be  convemently  stated  and  explained 
here. 

The  anomaly  to  be  got  over  is  this.    We  frequently  find 
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n  country  tTaverHed  by  a  nnmbep  of  hill  ranges  numiiig 
liarailfl  to  each  other  and  separated  by  broad  vaUeya,  la 
Huch  a  c«80  we  might  expect  to  find  tho  principal  etreama 
running  along  the  Tolleys  between  each  two  consecutiTS 
ridges.  Just  the  very  contrary,  howevpr,  is  the  case  j 
the  main  rivers  out  in  a  most  marked  way  across  ridgs 
after  ridgo,  traversing  each  in  a  narrow  gorge-like  valley, 
and  the  waters  that  drain  through  the  valleya  between 
tho  ridgoB  empty  into  these  trunk  etreams.  To  use  a 
common  expression,  the  great  rivers  run  across  the 
"grain"  of  the  country,  and  tho  etreams  that  flow  with 
the  "grain"  are  only  tributaries;  in  other  wonla,  the 
principal  drainage  b  "  tranBverBe,"  the  tributary  etreams 
are  "longitudinaL"  We  need  not  go  far  from  home  to 
find  instances.  Two  such  ridges  cross  in  almost  unbroken 
lines  the  south-east  of  England :  one,  formed  of  a  group 
of  hard  Limestones.  distiDgiiish(>d  as  the  OolitiG  formation, 
exteciik  fnmi  ninR-ostcTshirf-  to  LiiK-ohisliirc ;  iiiiufh-.v, 
3scd  of  Chalk,  stretches  from  Doraetahire  to  the  cooRt 
Norfolk.  A  broad  plain  spreads  out  to  the  north-west 
of  the  Oolitic  range,  and  another  great  flat  lies  between 
the  two  ridges.  Each  of  these  ridges,  too,  presents  a  steep 
face  to  the  north-west,  and  foils  away  with  a  long  gentle 
slope  in  the  opposite  direction.  Nothing  would  seem 
more  natural  than  that  tho  two  hill  ranges  should  net  as 
watersheds — that  the  brooks  streaming  down  the  south- 
easterly slope  of  the  Oolite  range,  for  instance,  should  be 
carried  off  by  a  river  running  at  the  foot  of  the  Chalk 
escarpment.  Nothing  of  the  sort  occurs ;  a  larpe  portion 
of  tho  main-drainugo  is  carried  off  by  rivers  which  run 
directly  across  one  or  both  of  these  ranges.  Tims  the 
Witham,  the  Welland,  tho  Nen,  and  the  Great  Ouse  all 
rise  on  the  plain  to  the  west  of  the  Oolite  range,  and  each 
in  succession  cuts  across  this  ridge  nnd  discharges  into  the 
Wash.  The  most  marked  instance  of  a  transverse  stream, 
however,  is  fumi.shed  by  the  river  which  is  called  the 
Churweli  above  Oxford,  and  the  Thames  below  that  city. 
It  springs  in  the  plain  to  the  north-west  of  the  Oolitic 
escarpment,  cuts  through  that  escarpment,  continuea  its 
course  over  the  fiat  between  the  Oohtic  and  Chalk  ranges, 
and  then  breaches  the  latter,  cutting  across  it  in  a  direction 
almost  at  right  angles  to  its  general  trend.  A  word  of  ex- 
planation as  to  the  case  is  perhaps  required.  If  wo  adopt 
the  usual  nomenclature  of  geography,  we  should  say  that 
the  Thames  rises  in  the  Cotawold  Hills,  flows  in  a  loitgi- 
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todinal  east  and  west  yalley  to  Oxf  ord,  then  trims  suddenly 
to  the  south  and  cuts  transversely  across  the  Chalk  ran^e. 
^The  explanation,  however,  of  cases  like  this,  illustrated  by 
JPi^.  112,  will  apply  here.  The  transverse  gorg^  of  the 
^Thames  below  Chdord  is  so  clearly  a  continuation  of  the 
^▼aUey  of  the  Churwell,  that  we  must  look  upon  the  two  as 
<x>nstitutine  together  the  original  transverse  trench  with 
iprhich  the  drainage  system  began ;  and  the  portion  of  the 
^Thames  valley  above  Oxford  is  as  clearly  a  longitudinal 
feeder  excavated  subsequently  in  the  manner  already  de- 
fldibed.  As  one  more  instance,  we  may  mention  the  Stour, 
^whic^h  rises  on  the  low  ground  to  the  north-west  of  the 
Ohalk  range,  and  cuts  directly  across  that  ridge  to  enter 
tlie  sea  in  I^oole  Harbour. 

Another  very  striking  instance  is  furnished  by  the  Weald 
of  Kent  and  Sussex.  This  is  an  area  surrounded  on  the 
xiorthy  west,  and  south  by  a  lofty  range  of  Chalk  hills,  with 
'^eir  steep  sides  facing  inwards.  Starting  at  Folkestone, 
^«ve  trace  this  girdling  ridge  along  the  North  Downs  to 
1>eyond  Guildford;  it  then  bends  south,  and,  afterwards 
t^uming  east,  runs  along  the  line  of  the  South  Downs 
t:o  Beachy  Head.  Between  the  last  point  and  Folkestone 
tJie  coast  is  low  and  flat,  and  there  is  no  barrier  separating 
'the  interior  from  the  sea.  In  a  district  hemmed  in  in  thie 
'Way  on  three  sides,  and  open  to  the  sea  on  the  fourth,  we 
xnigilit  expect  to  find  the  drainage  passing  away  in  the  last 
flirection  and  escaping  by  what  seems  its  natural  outlet. 
Sut  just  the  reverse  is  the  case.  The  streams  that  enter 
tlie  sea  between  Beachy  Head  and  Folkestone  are  few, 
%]iort,  and  insignificant;  the  principal  rivers  rise  in  a 
oentral  dome  of  high  g^und  and  now  north  or  south, 
^scapinff  through  narrow  valleys  that  breach  the  barriers 
of  the  North  and  South  Downs.  Here,  again,  the  trunk 
streams  are  **  transverse,"  the  feeders  "  longitudinal." 
-Among  the  streams  that  in  this  way  breach  the  North 
I>owns  are  the  Medway,  the  Mole,  and  the  Wey;  the 
Axon,  the  Adur,  and  the  Ouse  in  the  same  way  set  at 
Haoght  the  barrier  of  the  South  Downs. 

The  Isle  of  Wight  again  furnishes  other  remarkable 
xUafltrations  of  the  disregard  of  rivers  to  the  present  con- 
tour of  the  groimd.  It  is  traversed  from  east  to  west  by 
a.  strongly  defined  ridge  of  high  ground  formed  of  Chalk, 
tHe  country  both  to  the  north  and  south  being  sensibly 
lower  than  the  ridge.  But  the  ridge  is  not,  as  might 
l>e  expected,   the   watershed  of    the  island;   by  far  the 
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larser  poriMm  of  tkd  drainaM  is  oftiried  <^  by  three  tWcw 
— me  Srading  Brook,  the  Medina  Biver,  and  the  Yar.  AH 
of  these,  notaoly  the  last,  take  their  rise  near  the  southern 
coast,  fl<lir  steadily  northwards,  pass  through  gaps  in  tiie 
Chalk  range,  and  enter  the  sea  on  the  north  siae  of  the 
island.      Instances    might  be  multiplied  without  Hiiiat^ 
Wherever  we  study  the  relation  of  river  valleys  to  the 
present  physical  geography  of  the  country  they  traverse, 
we  find  them,  big  and  httle  alike,  playing  the  same  trick, 
and  forcing  their  way  through  hill  ranges  every  way  caku- 
Isted  at  first  sight  to  bar  their  progress. 

The  view  in  Fig.  107  will  give  an  idea  of  the  way  is 
which  a  range  of  hills  is  breadbied  by  a  river  valley.  The 
stream  is  flowing  from  the  spectator;  it  meanders  over  a 
broad  imdidating  country  till  it  reaches  the  line  of  hold 
hills  in  the  distance,  which  rise  like  a  wall  from  the  flatter 
ground  in  front ;  and  then,  instead  of  being  turned  aside 
by  this  barrier,  it  cuts  across  it,  running  on  in  a  narrotr 
gorge. 

Such  are  the  facts  which  we  have  to  explain,  and  the 
explanation  resolves  itself  into  finding  out  how  the  gorges 
which  conduct  rivers  through  hill  ranges  were  formed. 

The  rough-and-ready  way  out  of  the  difficulty,  generaDj 
accepted  in  the  early  days  of  Geology,  was  that  they  had 
been  torn  open  by  convulsions.  In  no  instance  coidd  this 
be  proved  to  have  been  the  case,  and  in  most  this  explana- 
tion could  be  shown  to  be  directly  in  the  teeth  of  the  facts. 
The  strata  on  opposite  sides  of  the  gap  exhibit  no  signs 
of  violent  disturbance,  and  the  river  may  be  in  many  cases 
observed  to  flow  over  a  bed  of  solid,  imruptured  roc^. 

Indeed,  one  explanation  alone  is  admissible:  the  gap, 
^like  other  valleys,  has  been  cut  out  by  a  river  flowing 
:  hrough  it. 

If  this  be  granted,  it  is  perfectly  clear  that  the  river 
must  have  begun  to  run  when  the  surface  configuration  d 
the  country  was  altogether  different  from  what  it  is  now. 
For,  suppose  we  endeavour  to  take  water  in  an  open  con- 
duit across  the  coimtry  shown  in  Fig.  107,  from  a  reservoir 
in  the  f  oregroimd,  on  reaching  the  distant  ridge  the  con- 
duit woidd  have  to  take  a  turn  and  be  carried  along  its 
foot.  A  river  is  only  an  open  conduit,  and  hence  any  river 
that  began  to  rim  when  the  surface  is  such  as  it  is  now, 
must.tum  aside  on  reaching  the  ridge  in  the  same  way. 

But  the  explanation  will  be  peiJectly  easy  if  we  sup- 
pose the  birth  of  the  liver  dates  from  a  time  when  the 
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QeqnalitieB  of  the  ground  had  not  yet  come  into 

reader  will  recall  the  account  given  a  little  way 
[le  grondh  of  hills  and  yalleys,  he  will  recollect 
)  was  a  time  when  the  surface  of  the  country  was 
I  high,  or  somewhat  higher,  than  the  top  of  the 
t  was  then  that  the  river  began  to  flow,  cutting, 
en  pointed  out,  a  trench  across  the  plain.  In  the 
e  atmospheric  denudation  was  at  work,  wearing 
coimtry  on  either  side,  the  stream  carrying  away 

as  fast  as  it  was  washed  in. 
nust  be  borne  in  mind  that,  though  the  deepening 
annel  could  not  go  on  faster  in  the  soft  than  in 
rocks,  the  counti^  at  large  was  worn  away  much 
idly  in  the  first  than  in  the  second.     Where 

ran  over  a  tract  of  easily  denuded  rocks,  the 
Bvel  of  the  surface  on  either  side  was  lowered 

fast  as  the  river  channel  was  deepened,  and  the 
3  a  stream  flowing  through  a  broad  flat  raised 
itly  above  its  banks.  But  where  a  belt  of  less 
»le  rock  was  crossed,  the  general  degradation  of 
ce  went  on  much  more  slowly,  and  from  this  two 
Uowed.  First,  the  sides  of  the  channel  were  but 
lodified,  so  that  the  valley  retained  to  some  degree 
dike  form  with  which  it  started,  and  remained  a 
aarrow  glen.  Secondly,  in  virtue  of  their  superior 
holding  out  against  denudation,  these  rocks  re- 
anding  up  in  a  band  of  lofty  groimd  above  the 
d  by  flie  removal  of  softer  strata, 
way,  by  the  gradual  deepening  of  the  channel  of 
a,  and  the  unequal  lowering  at  the  same  time  of 
ce  along  different  parts  of  its  course,  the  broad 
ill  range,  and  the  gorge  were  produced  by  a  con- 
d  mutually  dependent  set  of  operations. 
7  of  the  Idea  of  Bnbaerial  Denudation. — The 
it  all  the  lesser  inequalities  of  the  earth's  surface 
to  subaerial  denudation  is  now  very  generally 
1  this  country,  and  is  gaining  groimd  among  con- 
oologists.  But  thou^  this  view  is  by  no  means 
only  of  late  years  that  it  has  met  with  anything 
:al  approbation.  Men  for  long  refused  to  believe 
ts  apparently  so  ^eat  could  follow  from  causes 
'  so  msignificant,  let  them  act  as  long  as  you  will ; 

they  preferred  to  save  themselves  the  trouble  of 
dng  the  nature  and  capabilities  of  these  forces  by 
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attributing  the  formation  of  valleys  to  canses  the  existenoe 
of  which  was  purely  imaginaiy,  or  to  agents  which  a  little 
inquiry  would  have  shown  were  totally  inadequate  to  the 
task.  The  earlier  speculators  supposed  yalleys  to  be  rmU 
and  fissures  torn  open  by  convulsions,  the  Uke  of  vhic^ 
had  never^come  witMn  man's  experience ;  and,  in  spite  of  its 
manifest  contradiction  to  observed  facts,  the  notion  for  a 
long  time  held,  and  in  some  quarters  still  holds,  its  ground. 
Mountain  chains  were  imagined  to  have  risen  with  a  bound 
from  the  sea-bed,  and  thrown  oS  gigantic  waves,  which 
ploughed  deep  into  the  &;round  and  scattered  its  debris  far 
and  wide  as  tney  rushed  madly  over  the  country.  A  step 
was  gained  when  these  wild  dreams  were  abandoned,  and 
it  was  realised  that  the  inequalities  of  the  surface  had  been 
carved  out  by  denudation.  But  even  then  only  one-half  of 
the  truth  was  seen,  for  geologists  for  a  long  time  persisted 
in  attributing  the  whole  of  the  work  to  the  sea.  A  yeiy 
slight  amount  of  observation  would  have  taught  that 
marine  denudation  tends  to  efface  rather  than  produce 
surface  inequalities ;  but  the  supporters  of  this  riew  were 
quite  content  with  a  vague  idea  mat  the  sea  had  done  it, 
and  did  not  trouble  themselves  to  explain  exactly  hov. 
Thus  a  host  of  vain  imaginings  was  for  along  time  preferred 
to  the  simple  explanation  to  which  a  study  of  nature  leads 
us.  The  whole  truth  was  first  thoroughly  seized  upon  bj 
two  of  the  masterminds  of  the  science — ^by Hutton  in  1795, 
and  by  Scrope  in  1826 ;  and  the  latter,  by  an  appeal  to 
the  district  of  Auvergne,  triumphantly  refuted  the  objec- 
tion that  subaerial  agents  were  not  competent  to  perfonn 
the  task  assigned  to  them.  That  country  has  been  ronneily 
the  scene  of  volcanic  activity  on  a  large  scale,  and  many  of 
the  cones  are  still  standing  in  a  fair  state  of  preservatioD. 
Now  these  cones  are  composed  of  such  friable  material 
that  submergence  beneath  the  sea  would  inevitably  sweep 
them  away  altogether.  It  is  therefore  quite  certain  that 
the  country  has  never  been  overflowed  by  the  sea  since  the 
eruptions  took  place,  and  that  any  changes  in  its  surface 
coi^g^uration,  which  can  be  proved  to  have  been  produced 
since  that  date,  must  be  due  to  subaerial  action  alone. 
Such  changes  can  be  proved  tp  have  occurred  in  numerons 
instances  ;  for  example,  Mr.  Scrope  pointed  out  cases  wheie 
an  old  valley  had  been  dammed  across  or  filled  up  by  a  lat* 
stream,  and  where  the  barrier  had  been  cut  through  or  the 
valley  excavated  afresh.  By  reasoning  of  this  kind  he 
established  beyond  demur,  m    that  particular  oase,  the 
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ability  of  subaerial  agents  to  effect  all  that  the  theory  re- 
qiiiree  of  them ;  and  what  they  can  do  in  Auvergne,  they 
are  just  as  well  able  to  do  everywhere  else. 

SECTION  ni.— HOW  THE  CHARACTER  AND  LIE  OF  THE 
UNDERLYING  ROCKS  AFFECT  THE  SHAPE  OF  THE 
GROUND. 

We  have  already  had  to  notice  that  the  relative  power  of 
rocks  to  resist  denudation  is  an  important  element  in  de- 
termining some  of  the  leading  features  oi  the  surface.  In 
this  section  we  will  treat  this  part  of  the  subject  more  fully. 

Selative  Sardness. — The  character  which  exercises 
more  influence,  perhaps,  than  any  other  in  this  £ispect  is  re- 
lative hardness  and  softness.  Hard  rocks  are  able  to  hold 
out  against  the  wearing  action  of  denudation  better  than 
soft  rocks.  Hence  districts  formed  of  hard  rocks  stand  up 
more  or  less  boldly  and  ruggedly  in  high  groimd.  The 
country  occupied  by  softer  rocks  is  lovver,  tamer,  and  more 
uniform  in  outline.  This  is  well  brought  out  in  Fig.  113, 
which  shows  the  main  features  of  the  coimtry  along  a  line 
from.  Snowdon  to  the  east  coast  of  England. 

On  the  west  rises  the  mountain  district  of  North  Wales, 
formed  of  old,  very  much  hardened  rocks,  named  Silurian. 
Then  follows  a  broad,  gently  undulating  tract  oi  low  groimd 
occupied  by  softer  strata,  known  as  the  New  Eed  Sand- 
stone, which  have  been  only  slightly  tilted  from  a  horizontal 
position.  To  the  east  of  this  plain  a  boss  of  lofty  groimd 
marks  the  position  of  the  Derbyshire  hills  ;  th'*se  owe  their 
elevation  to  the  fact  that  they  are  composed  of  a  hard  group 
of  rocks,  known  as  the  Carboniferous,  which  have  been 
brought  up  from  beneath  the  New  Eed  Sandstone  in  a 
broad  anticlinal  fold.  Descending  the  eastern  flank  of  the 
Derbyshire  plateau,  we  find  its  beds  dipping  beneath  the 
New  Bed  Sandstone,  and  pass  on  to  a  flat  identical  in  cha- 
racter with  that  formed  by  the  same  formation  on  the  west. 
After  a  while  the  New  Bed  Sandstone  begins  to  be  covered 
up  by  other  formations,  known  as  the  Oolitic  and  Creta- 
oeouB ;  and  where  the  harder  rocks  of  these  groups  come  to 
the  surface,  the  g^und  rises  into  long  terraced  ridges. 
The  section  shows  three  tracts  of  lofty  uneven  ground, 
and  t^o  districts  of  low  and  flat  g^und ;  and  in  each  case 
elevation  and  ruggedness  go  along  with  hardness  in  the 
underlying  rocks,  and  a  low  level  and  evenness  of  outline 
with  a  substratum  of  soft  rock. 
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the  background,  and  well   s 
in   advance  of  it  the  hills  % 
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The  yiew  in  Fig.  M^^also  illustrates  this  general  tmtii', 
the  softer  rocks  in  the  fore- 
ground g^ve  rise  to  a  low   j 
undulating  tract ;  while  the  % 
hard  limestone  stands  up  ^ 
in  a  line  of  bold  hills.  J 

Another  very  striking  in-  3 
stance  of  the  way  in  which  >< 
hard  rocks  give  rise  to  pro-  • 
jecting  eminences  is  shown  % 
m  Fig.  114,  which  is  a  view  "^ 
of  two  hills  called  Park  and 
Chrome  Hills,  near  Long- 
nor,  on  the  borders  of  Der- 
byshire and  Staffordshire. 
Here  the  main  mass  of  the 
Carboniferous  Limestone 
rises  at  a  steep  angle  from 
beneath  a  body  of  very 
much  softer  Shale,  and 
forms  a  table-land,  the  face 
of  which  overlooks  like  a 
wall  the  flat  coimtry  occu- 
pied by  the  Shale ;  in  fact, 
what  we  usually  get  along 
the  line  of  junction  is  just 
such  a  view  as  is  shown  in 
Fig.  JM.  In  the  case  now 
before  us,  however,  this 
very  simple  type  of  land- 
scape is  diversified  by  the 
presence  in  the  middle  of 
the  Shale  flat  of  the  two 
conspicuous  peaks  shown  in 
the  sketch.  A  portion  of  the 
limestone  wall  is 
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stand  up  like  outworks  in 
front  of  a  rampart.  I  can 
recollect  being  very  much 
puzzled,  when  I  first  saw 
these  hiUs  from  a  distance, 
to  acooimt  for  their  isolated 
position,  but  a  closer  examination  made  all  dear.   Eftoh  ooft' 
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si&ts  of  a  mass  of  Limestone,  roufi^hly  trianguLar  in  ^, 
which  has  been  brought  up  by  f auUs  in  the  middle  oi  the 
Shale.  The  soft  took  has  been  washed  away  by  subaieml 
wear  all  round,  and  two  pyramid-shaped  emineofies  of 
Jjimestone  have  been  left  standing  up.  At  the  bottom  of  the 
figure  there  is  a  section  across  both  hills ;  the  sui&ce,  ▼hen 
Bubaerial  denudation  began  its  work,  may  hare  be^  some- 
where about  the  dotted  fine  a  3  ;  all  between  that  line  and 
the  present  surface  has  been  removed,  and  it  is  easy  to  see 
that  the  occurrence  of  the  two  isolated  hills  is  due  to  the 
fact  that  the  soft  Shale  has  been  carried  away  to  a  much 
larger  extent  than  the  hard  Limestone. 

Other  Qualities  which  enable  Becks  to  resist  Jkax^ 
dation. — ^But  it  is  not  always  the  hardest  rocks  that  best 
resist  denudation ;  Chalk,  for  instance,,  is  by  no  means  a 
hard  rock,  but  it  stands  up  boldly  in  conspicuous  hills  above 
Clays  almost,  if  not  quite,  as  hard  as  itself,  in  a  way  that 
shows  that  it  has  something  about  it  which  enables  it  to 
hold  its  own  against  the  wear  and  tear  of  atmoepheiic 
agents  better  than  the  Clays.  Probably  the  property  vhidi 
produces  this  result  is  the  extreme  porousness  of  the  rock- 
all  the  water  that  falls  upon  it  is  at  once  sucked  in,  and 
there  is  scarcely  any  flow  over  the  surface  to  prodaoe  ero- 
sion ;  the  Clay,  on  the  other  hand,  which  has  suffered  so 
much  more  largely,  admits  no  water,  and  hence  a  large 
l)ortion  of  the  rain  which  its  surface  receives  is  available  lot 
denudation.  There  is  a  fact  pointed  out  to  me  by  Mr.  C.E. 
llomersham  which  bears  out  this  view.  When  we  pass  off 
the  Chalk  on  to  the  adjoining  district  of  London  (3ay,  ^ 
find  that  the  bridges  become  all  at  once  larger,  and  that 
where  a  road  crosses  a  flat  liable  to  floods  the  flood-aiches 
are  more  numerous  and  wider.  The  contrast  is  very  strik- 
ing, and  proves  how  much  larger  the  surface-flow  of  water 
is  over  the  latter  rock  than  over  the  former. 

Another  illustration  of  the  principle  we  are  now  oop- 
sidoring  is  furnished  by  the  section  on  Fig.  113.  It^ 
be  noticed  that  there  is  a  slight  depression  in  the  middle  ^^ 
the  Derbyshire  hills ;  the  boss  is  higher  at  the  edges  thai 
in  the  centre.  But  the  rock  which  comes  to  the  surf*^ 
over  this  sunken  space  is  by  far  the  hardest  of  the  gio^P 
that  makes  up  the  high  g^und.  The  probable  reason  why 
it  has  not  the  superior  elevation  to  which  its  hardn^ 
would  seem  to  entitle  it,  is  that  it  is  a  Limestone,  a^d 
therefore  is  dissolved  away  chemically  as  well  as  if<^ 
away  mechanically,  while  the  beds  above  it  are  SandsioD^ 
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irhoee  destraction  is  mainly  effected  by  mechanical  means 
alone. 

examples  like  this  teach  us  that  the  rock  which  makes 
the  boldest  feature  is  not  necessarily  the  hardest,  but 
the  one  which  can  best  resist  denudation,  to  whatever 
quality  that  power  is  due. 

IKJEBrence  between  Besnlts  of  ICarine  and  Suliae- 
zial  DenndatioH. — So  £ar  we  have  dealt  mainly  with  denu- 
dation in  general  in  this  section ;  but  it  is  instructive  to  note 
how  the  results,  which  depend  on  the  qualities  we  have  been 
considering,  vary  accordii^  as  the  agent  employed  is  the 
sea  or  subaerial  forces.  Tae  effects  of  marine  denudation 
are  seen  in  the  shape  of  the  coast.  It  cuts  horizonUdly^  and 
those  rocks  which  are  best  able  to  resist  it,  show  their  power 
by  running  out  into  promontories  and  headlands,  while  the 
more  yielding  strata  are  worked  back,  and  give  rise  to  bays 
and  inlets.  Subaerial  denudation  acts  on  inland  districts, 
and  cuts  veriicaUy;  and  by  it  the  easily  denuded  rocks  are 
worn  dawn  into  plains  and  valleys,  while  the  strata  which 
give  way  less  readily  stand  up  in  hills  and  ridges. 

Both  cases  are  seen  side  by  side  in  the  Isle  of  Wight. 
If  the  reader  turns  to  a  geological  map  of  the  island,  he 
will  see  a  belt  of  Chalk,  a  rock  which  we  have  seen  resists 
denudation,  running  across  the  middle  of  it  from  east  to 
west ;  the  rocks  overlying  the  Chalk  to  the  north,  and  those 
underlying  it  to  the  south  of  the  belt,  are  both  of  a  more 
yielding  character.  The  Chalk  shows  its  superior  powers  of 
resisting  the  horizontal  planine  of  marine  denudation,  by 
jutting  out  farther  to  sea  than  the  beds  above  and  below  it 
into  the  bold  headlands  of  Culver  Cliff  and  the  Needles. 
Inland  it  gives  proof  of  its  ability  to  hold  out  against  the 
vertical  action  of  subaerial  denudation,  by  standing  up 
higher  than  the  beds  on  either  side  in  a  bold  ridge,  that 
stretches  athwart  the  island  between  these  two  projecting 
points. 

Sffoet  of  Vatnral  Planes  of  Division. — Joints  and 
other  natural  planes  of  division  exercise  an  important  in- 
fluence on  the  shape  of  the  surface.  They  adjuiit  water, 
and  determine  the  lines  along  which  it  acts  with  greatest 
efficiency ;  and  when  their  fluid  contents  are  expanded  by 
frost,  it  is  along  them  that  portions  break  off.  Hence,  in 
well-jointed  rocks,  valleys  will  tend  to  become  gorges  and 
hillsides  to  become  precipitous.  This  is  well  illustrated  by 
the  view  in  Fig.  115,  which  represents  a  valley  in  the  Mill- 
atone  Grit  district  of  Derbyshire.     The  bold  line  of  mural 
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precipiceB  which  crown  the  flanks  on  either  side  are  com- 
posed of  a  hard  Gritstone,  while  the  gentler  slopes  below 
are  occupied  by  softer  alternations  of  Shale  and  Sandstone. 
This  dinerence  in  the  character  of  the  rocks  would  alone 
lead  to  considerable  difference  between  the  inclination  of 
the  upper  and  lower  parts  of  the  sides  of  the  valley ;  but 
the  cliffs  at  the  top  owe  their  marked  steepness  and  but- 
tressed face  to  the  fact  that  the  capping  rock  is  traversed 
by  two  sets  of  lone  regular  joints,  nearly  at  right  angles 
to  one  another.  As  the  Grit  is  undermined  by  the  wea- 
thering out  of  the  soft  imderlying  beds,  portions  become 
deprived  of  support  and  break  off  along  these  joints, 
and  hence  the  upper  part  of  the  hillside  assimies  the  form 
of  a  vertical  din,  the  face  of  which  is  from  time  to  time 
renewed,  and  kept  always  sharp  and  clean.  That  this  is 
the  method  of  the  formation  of  the  feature  is  clearly  seen 
when  we  examine  the  sides  of  the  vaUey.  At  the  foot  of 
the  present  cliff  we  find  a  talus  of  blocks  which  have 
evidently  been  det€Uihed  very  recently ;  but  these  proofs  of 
the  work  of  destruction  are  not  confined  to  this  part  of  the 
hillside ;  the  slopes  all  the  way  down  are  thickly  strewn 
with  huge  masses  of  grit,  perfectly  angular,  and,  except  that 
they  show  a  little  more  signs  of  weathering,  in  every  way 
sinular  to  the  freshly  fallen  blocks  at  the  top.  These,  there 
can  be  no  doubt,  are  the  ruins  of  old  escarpments,  and  indi- 
cate successive  positions  of  the  cliff  while  it  was  being 
worked  back  to  its  present  line.  These  loose  blocks  are  so 
numerous  that  they  furnish  ample  materials  for  walls  and 
buildings,  and  do  away  in  great  measure  with  the  labour  of 
quarrying.  They  are  distinguished  from  the  stone  raised 
in  quarries  by  the  name  of  **  Day-stones." 

K  is  denudation,  g^ded  by  natural  planes  of  division, 
that  has  given  rise  to  the  isolated  pinnacles  of  rock  that 
occur  80  frequently  both  inland  and  on  the  sea-coast.     We 
have  chosen  two  instances,  one  formed  by  subaerial,  the 
other  by  marine  denudation.     The  first,  shown  in  Fig.  116, 
is  a  tall  spire  of  Limestone  standing  in  one  of  the  Derby- 
shire dales.     Fig.   117  shows  the  way  in  which  it  was 
formed :  the  rock  is  traversed  by  two  sets  of  joints  ;  carbo- 
nated water  passing  through  these  dissolves  the  Limestone 
and  widens  me  fissures.     By  the  enlargement  of  one  set  of 
joints  a  number  of  buttress-shaped  projections  jutting  out 
fcom  the  hillside  are  produced.    A  similar  operation  acting 
along  the  other  set  of  joints  cuts  up  these  buttresses  into 
pinnacles.     Some  of  the  buttresses  shown  are  in  the  first 
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stage,  the  most  distant  has  already  begun  to  be  subdivided 
into  pillars. 

Our  other  instance  is  the  Needles  of  the  Isle  of  Wiffht. 
The  Chalk,  of  which  these  are  composed,  has  been  tuted 
till  its  beds  are  nearly  vertical,  and  it  is  also  traversed  by 
joints  perpendicular  to  the  bedding.  The  waves,  aided  by 
subaenal  aeents  from  above,  have  worked  their  way  along 
these  two  planes  of  division,  and  severed  several  blocks  of 
the  rock  from  the  main  mass  in  the  diff.  The  faces  on 
which  the  light  falls  are  formed  by  planes  of  bedding,  the 
slight  deviation  of  which  from  the  vertical  gives  the  Needles 
their  overhanging  position  ;  the  faces  in  shadow  are  joints. 

Bflbet  of  tlia  Ida  of  the  Beds  oli  the  Shape  of  the 
8nxfkoed^-It  is  easy  to  see  that  the  inclination  of  the  beds 
is  an  important  element  in  determining  the  shape  of  the 
ground.  Consider  two  areas  of  equal  extent,  over  one  of 
which  the  beds  lie  flat,  while  in  the  other  they  are  inclined 
to  the  horizon.  In  the  case  of  the  first,  when  marine  denu- 
dation ceased  to  act,  the  surface  was  formed  eveiywhere  of 
the  same  rock ;  it  would  therefore  he  lowered  everywhere  at  the 
aame  rate  3y  tuba^al  denudatiauy  and  the  result  would  be  a 
sameness  of  feature  and  a  tendency  to  the  formation  of  a 
plain  or  table-land.  If  the  rock  composing  this  flat  is  hard, 
the  valleys  cutting  across  it  will  keep  a  narrow,  steep-sided 
cross-section,  will  be  trenches  in  fact  that  from  a  broad 
point  of  view  will  not  interfere  with  its  general  plateau- 
uke  character ;  but  if  the  underlying  rock  be  soft,  the  river 
trenches  will  be  gradually  opened  out  into  broad  valleys, 
and  this  widening  may  go  on  till  the  plateau-like  character 
of  the  ground  becomes  entirely  destroyed,  and  its  former 
exiatenoe  can  only  be  inferred  by  noting  that  the  ridges 
separating  the  valleys  are  all  very  nearly  of  the  same 

If  we  now  turn  to  the  other  area,  where  the  beds  are 
tilted,  we  see  that  the  surface  is  formed  of  a  succession 
of  rocks,  differing  in  hardness  and  other  qualities  ;  it  will 
therefore  be  lowered  uneqtudly  hy  suhaerial  denudation^  and 
the  result  will  be  variety  of  feature  and  a  tendency  to  the 
formation  of  hills  and  valleys. 

Saoarpment  and  Dip-alope. — Such  are  the  broad 
general  facts.  When  we  come  to  examine  more  in  detail 
the  shape  and  character  of  the  features  of  a  country  com- 
posed of  alternations  of  hard  and  soft  rocks  dipping  at 
moderate  angles,  we  find  them  to  be  as  follows.  The  out- 
crops of  the  harder  strata  are  marked  by  ridges  running 
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parallel  to  the  strike ;  the  ground  occupied  by  the  softer 
beds  forms  valleys  or  plains.  Further,  there  is  in  most 
cases  a  marked  difference  between  the  slope  of  the  two  sides 
of  a  ridfi^  formed  by  the  outcrop  of  a  hard  member  of  a 
group  of  bedded  rocks.  On  one  side  it  presents  a  steep  or 
Tertioal  face,  on  the  other  it  falls  away  in  a  long  gentle  in- 
cline. The  next  thing  we  notice  is  that  the  steep  faces  are 
an  tamed  one  way,  and  the  gentle  slopes  all  the  Other  way ; 
the  first  all  look  towards  the  quarter  to  which  the  beds  rise, 
the  latter  are  inclined  in  the  same  direction  as  the  dip,  and 
frequently  at  almost  the  same  angle.  Hence  the  latter 
go  by  the  name  of  Dip-ilopes,  while  the  steep  sides  are 
distinguished  as  JEscarpments. 

In  the  view  and  section  in  Fies.  119  and  120  we  have  a 
Teiy  marked  instance  of  the  kind  of  feature  just  described. 
Th^  are  two  ridges  running  roughly  parallel  to  one  an- 
other, and  in  each  the  side  turned  away  from  us  is  steep, 
and  the  side  facing  us  is  a  broad  flat  surface,  sloping  genUy 
down  towards  the  spectator.  The  section  shows  how  these 
features  are  related  to  the  lie'and  character  of  the  rocks ;  it 
runs  bam  the  highest  point  of  the  distant  ridge  across  the 
summit  of  the  nearer  ridge  on  which  a  group  of  trees  is 
perched.  We  see  at  a  glance  that  the  steep  fronts  look  in 
the  direction  of  the  rise  of  the  beds,  and  that  the  long 
gentle  slopes  fall  away  in  the  same  direction  as  their  dip, 
and  nearly  with  the  same  inclination.  Further,  the  rocks 
which  form  each  escarpment  (2)  and  (4)  are  hard  Sand- 
stones ;  and  beneath  each  of  these  lie  more  yieldinfi^  Shales 
(1)  and  (3),  over  the  outcrop  of  which  the  slope  becomes 
more  gentle.  The  dip-slope  of  the  more  distant  rid&^e  is 
broad  and  very  conspicuous,  that  of  the  nearer  ndge, 
though  narrower,  is  remarkable  for  the  sing^ular  even- 
ness of  its  surface.  The  bed  (4)  is  a  A)mewhat  massive  and 
well-jointed  rock,  and  hence  the  escarpment  formed  by  it  is 
abrupt  and  craggy. 

The  facts  just  described  are  strictly  in  accordance  with 

the  theory  already  put  forward  as  to  the  origin  of  surface 

inequalities.     It  was  shown  that,  when  a  transverse  trench 

liad  been  cut  across  a  plain  of  marine  denudation,  its  sides 

would  be  worn  back  wherever  it  crossed  a  band  of  easily 

denuded  strata,  and  in  this  way  longitudinal  valleys  would 

l>e  formed  running  along  the  outcrop  of  the  softer  rocks. 

TFhe  valleys  in  the  present  instance  are  longitudinal,  for  they 

follow  the  outcrop  of  the  belts  of  soft  shale,  and  they  are 

4ound  to  empty  themselves  into  transverse  streams.    Let  us 


446  OEOLOOT. 

look  a  Uttle  more  clooely  at  the  steps  by  which  Hah  toJ 
characteristic  outline  has  heen  produced.  Let  I^.  131  ^ 
preeeut  a  portion  of  one  eido  (tt  the  transreise  tieach,  ^^ 
dotted  hue  at  the  top  heing  the  surface  of  the  plam  at  marin* 


denudation.  Let  (1)aiid(3)bekard,(2)aBoftrock.  Suppotf 
A  C  £  to  he  the  commencement  of  one  of  the  longitu£ii>l 
valleyB.  The  stream  at  the  bottom  of  this  irill  be  o(n- 
stantly  cutting  down,  and  atmospheric  action  irill  he  cos- 
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stantly  vraslmi^  in  its  ban^,  bo  that 
it  will  be  continu&Uy  g«ttiiig  deeper 
and  wider,  and  will  asaume  in  suc- 
cession positions  such  aa  D  F  E, 
6  KB.  The  gradual  growth  of  tiie 
valley  will  continue  to  go  on  in  the 
manner  juat  described  till  it  has  cut 
down  to  the  top  of  the  hard  bed  (1), 
a  position  indicated  on  the  diagram 
b^  6  KS.  This  may  be  called  a 
critical  point  in  the  valley's  existence ; 
the  circumBtoucea  under  which  its 
excavation  has  been  so  far  carried 
OS  are  now  altered,  and  a  corre- 
sponding modification  in  the  results 
of  the  work  may  be  expected.  Two 
courses,  so  to  speak,  are  now  open 
to  the  stream :  it  may  go  on  outtmg 
deeper,  but  if  it  does,  it  will  have  to 
work  its  way  through  the  hard  rock 
(I) ;  or  it  may  attack  the  bank,  KH, 
of  soft  rock.  The  latter  ia  so  much 
the  easier,  that  it  is  evident  it  will 
be  the  one  adopted ;  the  direct  deep- 
ening of  the  channel  will  cease,  and 
the  running  water  will  expend  its 
energy  in  undermining  the  bank  on 
the  right  hand.  Portions  of  this  will 
thus  from  time  to  time  be  brought 
down  into  the  brook,  where  they  will 
be  ground  fine  and  swept  away.  In 
this  way  the  bank  to  the  right  will 
be  continually  worked  back,  and  the 
valley  gradually  widened,  its  floor 
being  ^ways  formed  by  the  top  of 
the  hard  bed  (1).  The  action  of  the 
stream  alone  would  produce  a  steep 
cliff  on  the  side  we  are  considering, 
but  atmospheric  wear  wiU  come  in 
to  modify  this  result,  and,  by  inces- 
santly breaking  down  the  face,  will 
always  keep  the  slope  moderate. 
Thus,  one  flank  of  the  valley  will  be 
continually  shifting  to  the  right, 
assuming   in    Buccession    positions 
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Bucli  as  L  M,  N  Of  P  Q,  When  the  moyement  has  ex- 
tended up  to  the  h^rd  bed  (3),  the  upper  part  of  the  bill- 
Bide  will,  on  account  of  the  superior  hardness  of  this  rock, 
stand  at  a  steeper  angle  than  me  ground  below,  and  hence 
an  escarpment  will  bo  formed  at  the  outcrop  of  this  stntonL 
We  must  further  notice  that  the  manner  in  which  the  slope 
is  worked  back  will  be  somewhat  different  in  those  partB 
which  are  composed  of  hard  rock  and  in  those  where  the 
softer  beds  occur.  The  latter  are  gradually  washed  away 
bit  by  bit  in  a  fine  state  of  division ;  from  the  former  huge 
blocks  are  detached  from  time  to  time,  which,  on  aooount 
of  their  superior  power  of  resisting  the  action  of  the  air, 
are  broken  up  very  slowly,  and  consequently  remain  in 
large  numbers  strewn  over  ihe  slope.  As  the  soft  rock  on 
which  they  rest  is  worn  away  from  beneath  them,  these 
fallen  masses  slide  down  lower  and  lower,  till  the  whole 
hillside  becomes  thickly  covered  with  them.  One  case  of 
this  kind  has  been  already  noticed  (p.  441),  and  it  is  an 
occurrence  very  frequently  met  with  on  the  slope  beneath 
an  escarpment  of  hard  rock. 

While  all  this  has  been  going  on  on  the  right,  atmo- 
spheric denudation  has  not  been  idle  on  the  left-hand  side 
of  the  valley.  The  mass  Q  K  Roi  soft  rock  is  gradually 
washed  into  the  stream,  and  its  ruins  carried  away.  This 
easily  destroyed  portion  the  subaerial  denuding  forces  dear 
off  without  any  difficulty,  but  they  can  make  only  vwy 
slight  impression  on  the  harder  bed  below ;  hence,  whea 
the  bottom  of  the  valley  has  been  brought  down  to  the  top 
of  this  rock,  any  further  lowering  goes  on  very  slowly? 
and  it  remains  very  nearly  at  this  level.  And  so  in  the 
end  we  have  left  of  the  rock-mass  we  started  with  onlj 
that  part  which  is  distinguished  by  a  darker  tint  on  the 
figure. 

The  valley  has  now  assumed  a  form  exactly  correspond- 
ing to  that  depicted  on  Figs.  119  and  120 ;  it  has  a  lonfi[  dip- 
slope  nearly  coinciding  with  the  top  of  the  hard  bea  (1)» 
and  a  steep  face  on  the  other  side  ;  the  slope  of  the  latter 
being  comparatively  gentle  where  it  is  formed  of  the  soft 
stratum  (2),  and  rising  in  an  abrupt  scarp  where  it  is  capped 
by  the  hard  rock  (3.) 

The  reader  must  not  suppose  that  the  explanation  just 
given  is  pure  theory.  If  he  will  go  into  any  district  where 
rocks  alternately  hard  and  soft  rise  to  the  surface,  he  will 
not  only  find  numberless  instances  of  escarpments  and  dip- 
slopes,  but  he  will  see  the  process  to  which  their  fonuation 


BiP-SLOPEa  449 

been  attributed  still  in  action.  He  will  haye  no  diffi- 
f  in  lighting  on  cases  where  a  brook  runs  from  some 
lace  exactly  along  the  top  of  a  hard  rock  with  a  diff  of 
dverljins^  softer  beds  formine  one  of  its  banks.  If  in 
L  a  case  he  mark  the  raw  newly-cut  look  of  the  cliff  and 
heaps  of  fallen  debris  at  its  foot,  he  cannot  fail  to  con- 
e  thiBit  the  stream  is  imdermining  its  bank,  and  that, 
this  gradual  working  back  of  me  lower  part  of  the 
e,  aided  by  subaeriaL  wear  above,  the  valley  is  being 
med,  while  its  peculiar  type  is  all  along  preserved. 
f  suppose  that  me  stream  nas  been  doing  for  a  long 
I  back  exactly  what  it  is  doing  now,  and  we  have  aU 
machinery  necessary  for  carving  out  of  a  plain  of 
ine  denudation  just  such  lulls  and  valleys  as  the  land- 
»e  sets  before  us. 

1  the  illustration  chosen,  the  arrangement  of  the  features 
flcarpment  and  dip-slope  is  marked  with  sing^ular  dis- 
tnees.  The  reader  must  not  expect  to  find  many  in- 
joes  which  conform  to  the  noraial  type  as  rigidly  as 
The  two  distinctive  features  are  often  masked  to 
e  extent  by  numerous  minor  modifications,  but  they  can 
lys  be  recognised  with  more  or  less  of  certainty  in  a 
itiy  formed  of  bedded  rocks  of  imequal  hardness  and 
ined  at  a  moderate  angle.  There  is  probably  no  agent 
efficient  as  Ice  in  obscuring  the  features  produced  by 
imequal  yielding  of  different  kinds  of  rock  to  denu- 
on.  In  some  tracts,  parts  of  the  Carboniferous  districts 
lie  North  of  England  for  instance,  where  there  are 
the  requisites  for  the  formation  of  escarpments,  we 
these  ridges  either  conspicuous  by  their  absence,  or  at 
;  far  less  strikinj^ly  marked  than  amongthe correspond- 
rocks  of  the  Centre  of  England.  The  explanation 
[)ably  IB,  that  the  more  northern  region  has  been  swept 
p  by  an  ice-sheet,  which  planed  down  all  the  lesser  in- 
alities  of  the  groimd,  and  there  has  not  been  time  since 
gladation  for  subaerial  denudation  to  carve  them  out 
eh.  The  ice-sheet  probably  never  reached  so  far  south 
he  centre  of  our  island,  and  there  the  results  of  long 
9  of  uninterrupted  subaerial  wear  are  seen  in  the  con- 
uous  character  of  its  escarpments.  The  deposits  also 
aed  by  ice  action  frequently  prevent  our  seeing  features 
ch  actually  exist.  Sometimes  larffe  tracts  of  country 
deeply  buried  in  Boulder  Clay,  and  the  imeven  surface 
ihe  stratified  rocks  is  simply  smothered;  sometimes 
ses  of  Boulder  Clay  are  piled  up  against  the  steep  face 
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of  an  escarpment,  or  moundy  hills  of  the  same  deposit 
stand  on  a  dip-slope,  and  in  this  way  the  distinguiBiiing 
characteristics  of  each  feature  are  destroyed  to  the  eye.  U 
the  driftless  area  of  the  Carboniferous  rocks  in  South  YoA- 
shire  be  compared  with  the  drift-covered  corresponding 
area  of  Lancashire,  the  contrast  between  the  sharp  defini- 
tion of  the  features  of  the  one,  and  the  indistinctness  and 
f aintness  of  the  features  of  the  other,  is  very  striking. 

Broadening  of  Valleys  by  Biver  Action.— In  tiie 
explanation  of  the  formation  of  escarpments  and  dip- 
slopes,  we  had  an  illustration  of  the  way  in  which  a  Talley 
of  great  width  may  be  cut  out  by  the  gradual  working  of  a 
stream  of  very  moderate  size.  In  many  other  cases  riyen 
have  excavated  valleys,  which  at  first  sight  seem  out  of  all 
proportion  to  their  size,  by  similar  artifices.  The  great 
breadth,  for  instance,  of  many  river  valleys  in  the  lower  part 
of  their  course  is  mainly  due  to  the  incessant  shifting  of 
the  bed  of  the  stream.  The  river  swings  from  side  to  side, 
attacks  first  one  bank  and  then  another,  and  by  the  joint 
action  of  its  imdermining  below  and  subaerial  wear  above, 
the  sides  of  the  valley  are  worked  back,  and  widening  inces- 
santly goes  on. 

Catting  back  of  the  Channels  of  Bikers.— We  hare 
hitherto  dwelt  mainly  on  the  action  of  rivers  in  low- 
ing their  beds,  we  have  now  to  look  at  work  they  do  in 
a  somewhat  different  direction.  In  many  cases,  owing  to 
the  unequal  hardness  of  the  rocks  over  which  they  flow, 
they  are  enabled  to  cut  back  and  lengthen  the  gorges  in 
which  they  run.  The  nature  of  this  action,  and  the  way  i^ 
which  it  is  carried  on,  will  be  imderstood  by  a  reference  to 
the  sketch  in  Fig.  122. 

We  see  there  a  brook  flowing  in  a  narrow  gorge,  which 
is  shut  in  at  its  upper  end  by  a  cHff,  over  which  the  water 
tumbles  in  a  little  fall.  The  upper  part  of  this  cliff  »8 
formed  of  a  bed  of  rock  which  projects  well  above  the 
strata  below ;  the  same  bed  is  seen  jutting  out  here  and 
there  among  the  foliage  in  prominent  ledges  from  the  sides 
of  the  ravine.  This  rock  evidently  stands  out  because  it  M 
harder  than  those  underneath  it,  and  this  is  specially  the 
case  at  the  waterfall,  because  the  spray  is  there  alway^ 
playing  on  the  face  of  the  cliff  and  aiding  other  subaerial 
forces  to  wear  away  the  soft  rocks  of  its  lower  part.  When- 
ever the  ledge  at  the  top  has  been  in  this  way  sufBciently 
undermined,  a  slice  breaks  off  along  a  joint,  and  an  eten 
face  is  produced.  Undermining  then  begins  again,  till  an- 
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other  fall  of  the  cappmg  rock  results.  At  the  foot  of  the 
cliff  a  pile  of  freshly  fiJlen  fragmente  ahoirs  that  the  pro- 
oeea  is  always  going  on.  Thus  the  waterfall,  which  has  in 
the  lapse  of  time  travelled  alon^  the  whole  of  the  ravine, 
ia  still  moving  in  the  same  direction,  and  the  gorge  is  being 
contiDUBlly  eaten  farther  and  farther  back. 

Instances  of  this  phase  of  river  action  may  be  seen  in 
every  mountain  brooK  that  flows  over  alternations  of  hard 
and  soft  rocks.  The  grandest  case  known  is  that  of 
Niagara,  so  well  described  by  Lyell.* 

It  is  evident  that  by  the  action  just  described  very  im- 
portant modifications  in  the  surface-form  and  drainage- 
system  of  a  country  may  be  brought  about.  A  trifling 
nrulet  streaming  down  the  face  of  a  ridge  may  deepen. 


Fig.  122.— Bbooi 


and  at  the  same  time  eat  back  its  channel,  till  a  deep  valloy, 
cutting  completely  through  the  range,  is  produced.  Thus 
a  transveree  feeder  to  a  longitudinal  valley  might  spring 
into  existence,  from  which  longitudinal  branches  would  ex- 
tend themselves ;  indeed,  whUe  it  is  likely  that  the  great 
transverse  valleys  have  been  carved  in  the  manner  already 
described  out  of  the  original  plain  of  marine  denudation,  we 
may  reasonably  refer  the  lesser  valleys  of  the  same  class  to 
this  cutting-ba«k  process. 

It  is  not  difficult  to  conceive,  too,  how,  when  a  ridge  has 
been  cut  across  by  the  gradual  working  back  of  a  ravine,  a 
very  trifling  amount  of  unequal  upheaval  might  reverse  the 
direction  of  the  drainage,  and  turn  streams  into  this  new 


tlu^  ritlfje,  wliich  may  carry  off  much,  of  the  dra 
thu  flat  country  boyond. 

SECTION  IV.— FEATTTEES  DUE  TO  THE  ACTION 

We  have  already  had  to  do  with  the  denuding 
ice,  but  only  in  bo  far  as  it  furnishes  uiat«riau 
formation  of  Derivative  rocks ;  we  will  now  inqi 
its  effects  on  the  ehane  of  the  aurface. 

We  saw  that  icc-eheets  and  glaciers  are  alwnya 
fllowly  from  higher  to  lower  levels,  and  that,  as  tb< 
they  wear  away  the  rockn  orer  which  (hey  paas,  i 
of  the  fitones  froeen  into  their  under  surface. 

The  ehape  givon  to  the  faoa  of  a  country  by  this 
action  is  totftly'  different  from  that  produced  by  a 
denuding  agent,  and  therefore  calls  for  special  i 
the  present  chapt*. 

But  iud-worn  Biirface»  have  a  further  interra) 
geologiet.  Changes  in  climate  may  cause  ice  to  di 
but  the  markinge  it  impressed  on  the  solid  rotdl 
long  after  it  has  passed  away  ;  and  the  observar, 
has  once  learned  to  recognise  their  distindive  d 
infers  from  these  aurfaco-forma  the  former  preaei 
ice-sheet  and  the  path  it  took,  as  readily  and  aa' 
as  the  hunter  draws  corresponding  conclusions  i 
footmarks  and  trail  of  an  animal.  In  this  wuj 
.niitbled 
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in  the  middle  of  a  group  of  lofty  hillfl  formed  of  bare  rock, 
where  ice- work  has  gone  on  on  a  large  scale,  never  forgets 
the  wonder  with  which  he  for  the  iirst  time  gazed  on  the 
sameness  of  the  flowing  contoiirs  which  every  hill  offered 
to  the  view.  It  is  as  if  some  giant  hand  had  taken  sheet 
after  sheet  of  emeiy  paper,  and  rubbed  and  groimd  away 
tOl  eveiy  prominent  peak  and  bristling  crag  had  been  cleared 
oflp,  and  every  vaUey-side  smoothed  down.  The  view  in 
Mg.  126  willy  perhaps,  give  some  faint  notion  of  the  pecu- 
liar aipect  of  such  a  landscape ;  the  hills  on  the  left-hand 
side  of  the  lake  are  strongly  typical. 

In  some  cases  this  smoothing  extends  itself  over  the  tops 
of  the  highest  hills,  and  furnishes  proof  that  the  whole 
country  has  been  wrapped  in  one  imiversal  mantle  of  ice, 
like  Ghreenland  and  the  Antarctic  continent  at  the  present 
day.  Elsewhere  the  ice-worn  surfaces  are  confined  to  the 
valleys,  and  extend  only  to  a  certain  height  up  the  hill- 
sides, in  which  case  the  glaciation  was  less  extensive,  and 
the  ice  took  the  form  of  glaciers.  The  observer  must 
not,  however,  jump  too  hastily  to  the  conclusion  that  he 
has  detennined  a  Cine  above  which  the  ice  did  not  rise, 
merely  because  he  finds  traces  of  its  action  plentiful  on  the 
lower  part  of  the  slopes  and  apparently  absent  on  the  hill- 
tops, loe-tracks  of  course  suffer,  and  are  in  time  com- 
pletely removed,  by  denudation ;  they  will  evidently  weather 
away  faster  on  exposed  summits  than  in  lower  and  more 
sheltered  spots,  and  this  may  be  the  explanation  of  their 
absence  above  a  certain  elevation.  But  if  we  find  a  fairly 
hard  line,  below  which  the  ground  is  very  generally 
smootliAd,  and  if  above  that  line  it  is  rugged  and  bristling, 
and  does  not  yield  to  the  most  careful  search  the  faintest 
remnant  or  trace  of  ice-worn  patches,  then  we  may  be 
pretty  sure  that  that  line  marks  the  upper  limit  of  the  ice. 

Pdlisked  Snr&oes. — ^The  features  just  described  are 
those  wiiich  strike  the  eye  on  a  general  view  of  an  ice- worn 
countiy.  The  minor  details,  which  closer  examination 
reveals,  are  no  less  remarkable  and  no  less  important 
geologically. 

Bock  surfaces  worn  by  modem  glaciers  have  frequently 
a  polish  as  perfect  as  could  be  produced  in  a  lathe ;  and 
similar  surfaces  of  very  ancient  date,  when  they  have  been 
protected  from  the  air  by  a  ooatinff  of  day  or  other  imper- 
vious material,  are  found  to  have  lost  scarcely  any  of  their 
original  high  polish. 

Seratdies.—  We  have  already  explained  that  the  tools 
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which  enable  ice  to  grind  away  the  rocks  over  which  it 
paasesy  are  stones  frozen  into  its  under  surface.  The  high 
pdifih  just  mentioned  is  produced  by  fine  sand;  stones 
cot  grooves  or  striations  according  to  their  size,  the  small 
sharp  points  etching  on  the  rocks  scratches  as  fine  as  the 
most  delicate  work  of  a  steel  engraving,  the  larger  blocks 
ploughing  out  flutings  and  coarse  ruts.  Fig.  123  shows 
a  stone  on  which  both  fine  and  coarse  striae  have  been 
impressed. 

These  markings  are  of  the  utmost  value.  The  scratches 
on  the  stone  figured  above  will  be  noted  to  be  rudely 
pamllft]  to  one  another,  and  this  general  direction  is 
eridenily  that  in  which  the  ice  flowed.  By  observing  and 
reooiding  the  bearings  of  similar  scratches  on  rocks  in 
p]ai»,  we  shall  be  able  to  lay  down  the  line  of  the  path 
whioh  the  ice  that  made  them,  took  across  the  coimtiy.  Also 
the  relation  of  the  scratches  to  the  surface  will  enable  us 
to  form  an  idea  of  the  extent  of  the  gladation,  and  to  say 
whether  it  amounted  to  a  universal  ice-sheet  or  got  no 
farther  than  valley  glaciers.  In  the  first  case,  the  enor- 
mous aocomulation  produces  a  pressure  sufficient  to  drive 
the  ioe  from  the  mterior  to  the  coast,  not  exactly  in 
8tnu§^  lines  over  hill  and  across  valley,  but  still  with 
conndflrable  disregard  to  the  inequalities  of  the  surface ; 
the  Boratches  in  consequence  radiate  in  a  general  way  out- 
warda,  from  the  centres  of  maximum  elevation,  and  fre- 
oaeatly  pass  up  the  sides  and  across  the  summits  of  the 
MUb.  In  the  case  of  glaciers,  the  motion  of  the  ice,  and 
the  scratches  which  it  cuts,  are  parallel  to  the  trend  of  the 
▼alleyB. 

>oeli—  ]Eoiitoiin4(es. — From  the  grooves  and  scratches 
just  described,  we  can  lay  down  the  course  of  the  ice's 
moiioii,  but  they  do  not  teU  us  which  way  it  travelled.  We 
can  learn,  for  instance,  that  its  path  lay  north  and  south, 
but  not  whether  it  came  from  north  to  south,  or  in  a  con- 
traxy  direction.  This  information  we  gather  from  the  shape 
of  certain  rounded  himmiocks,  always  found  in  glaciated 
districts  and  called  Eoches  Moutonn^es. 

"Fig,  124  is  a  sketch  of  one  of  these ;  and  it  will  be  noticed 
that  while  the  right-hand  side  rises  from  the  groimd  with 
a  gentle,  smoothly-rounded  slope,  the  front  is  steep  and 
comparatively  unworn. 

If  we  examine  a  valley  still  occupied  by  a  glacier,  but  in 
which  the  ice  formerly  extended  lower  down  than  now,  we 
shall  find  that  the  gentle  slopes  of  all  the  moutonn6ed 
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bosMB  look  up  the  rallej,  and  their  at«ep  fronta  all  fiK 
the  opposite  way ;  ainoe  the  motion  of  the  gj&dei  it  don 
the  Talloy,  this  amouute  to  saying  that  the  smoo^  Ikw 
point  to  the  qnarte*  from  which  the  ice  oomes. 

Similarly,  in  a  country  from  which  ioe  has  oompletdy  du- 
appeared,  if  themoutonnSedBurfacesaKpFeMrrea,  welnn 
from  them  in  what  direction  to  look  for  the  eoune  of  the  in. 


Tig.  124. — BocHB  MouTomiii. 


It  is  easy  to  see  how  this  peculiar  form  came  (booti 
and  why  the  opposite  faces  of  me  hiUooka  are  bo  diffsRBt 
Let  the  line  S  £  in  Fig.  125  represent  the  rugged  cuibM 
of  a  rocky  country  over  which  a  sheet  of  ice  is  moriig 
in  the  direction  of  ihe  arrow.  As  the  ioe  is  dmen  up 
the  slope  A,  it  will  grind  away  all  the  inequaUtitt,  •» 
work  the  surface  down  to  an  even  rounded  outlin*.    '"'' 


debris  produced  will  be  pushed  on  over  the  crest,  and  fill 
down  on  a  bank  in  front  of  the  hillock,  ^e  ioe,  ■>  it 
movee  on,  will  ride  over  the  top  of  the  heap,  and  not 
touch,  or  touch  to.  a  very  small  extent,  the  fa^  B,  whidL 
will  therefore  retain  its  roughnees.  Where  the  ice  impinges 
on  the  next  projection  of  rock,  the  face  which  it  meets  will 
be  worn  smooth,  and  the  opposite  side  will  be  protected  by 
debris,  and  be  little  afiected.    In  the  end,  wnen  the  k» 
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hat  gone,  and  the  looee  debris  has  been  remoyed  by  denu- 
dation, there  will  remain  only  the  part  tinted  dark  in  the 
figure,  that  is  to  say  a  couple  of  hummocks  with  the  out- 
line which  has  been  described  as  characteristic  of  roches 
moutonn6es. 

KoandnM^ — ^The  moraines  of  vanished  glaciers  are  as 

important  as  the  traces  of  ice-action  alree^y  mentioned, 

whether  we  look  upon  them  as  features  in  the  scenery  or 

as  a  means  of  enabling  us  to  read  the  history  of  former 

gladations.    Longitudinal  moraines  remain  as  long  lines 

of  hnmmocky  mounds  or  ridges  running  ahn^  the  sides  of 

Trikys ;  tenmnal  moraines  have  a  similar  outline,  but  stretch 

MTMf  the  valley  in  a  horse-shoe-shaped  curve,  with  its 

oonvexity  pointing*  downwards.    The  latter  have  frequently 

suffered  largely  from  denudation,  but,  where  they  are  well 

pteseirved,  thev  sometimes  furnish  an  elegant  proof  that 

ue  fl^aoier  which  gave  rise  to  them  dwindled  away  little 

1^  httle  before  it  finally  disappeared.    It  is  not  uncommon 

to  fijid  in  the  upper  recesses  of  mountain  valleys  a  series  of 

small  terminal  moraines,  one  within  the  other,  each  one 

more  puny  than  the  one  below  it.    From  these  we  leam 

liai,  after  the  ice  had  disappeared  from  the  low  country, 

^aeiers  still  held  their  own  in  the  uplands ;  but  that,  as 

lie  dimate  improved,  they  shrunk  hack  higher  and  higher 

p  the  valleys.    Each  moraine  marks  a  line  at  which  the 

usoier  paused  for  a  while  in  its  retreat,  and  the  diminish- 

g  size  of  the  rubbish  heaps  which  it  produced  during 

ch  stationaiy  interval,  points  to  a  corresponding  gradufu 

crease  in  the  volume  of  the  ice. 

takMi, — ^We  may  conveniently  consider  here  the  method 

^iie  formation  of  lakes,  because  a  lar^  number  of  the 

lows  in  which  they  lie  are  certainly  m  some  way  con- 

)ed  with  ice-aotion,  and  perhaps  have  been  formed 

rely  by  its  agency. 

ie  origin  of  some  lakes  is  obvious  enough.    Just  as  an 
mental  sheet  of  water  or  reservoir  is  formed  by  throw- 
in  embankment  across  a  vaUey,  so  the  water  of  some 
is  held  back  by  natural  dams,  composed  of  materials 
ent  from  the  rock  that  forms  the  bottom  and  sides  of 
isin.    An  old  terminal  moraine  often  acts  as  a  dam, 
«Mje  above,  which  was  once  filled  with  ice,  being  now 
ed  partly  by  water. 

V  similar  way  landslips  and  streams  of  lava  some- 
block  up  a  valley,  and  pond  back  the  water  of  its 
ii^to  a  lake. 
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Again,  hummockB,  Buoh  as  EBkers,  and  Sand-dunee, 
sometimes  enclose  lakes,  the  origin  of  which  will  be  better 
understood  when  the  student  has  read  in  the  next  section 
an  account  of  the  method  of  formation  of  these  moimdy 
elevations. 

Volcanic  craters  also  are  sometimes  converted  into  lakes, 
when  the  volcanic  activity  has  become  extinct. 

Some  deposits,  such  as  that  known  as  Gladal  Drift,  hare 
been  thrown  down  in  an  irregular  manner,  with  a  rougii, 
imeven  surface.  Water  accumulates  in  the  hoUows  so 
formed,  and  gives  rise  to  little  lakes. 

Another  way  in  which  lakes  may  be  produced  is  by  un- 
equal elevation  of  the  earth's  surface.     This  may  possibly 
be  the  origin  of  those  remarkable  lakes  in  the  Jordan 
valley,  which  lie  far  below  the  present  sea-leveL    There 
can  be  no  doubt  that  the  long  gorge  in  which  the  stream 
flows  was  cut  out  by  a  river,  which  probably  emptied 
itself  into  the  Gulf  of  Akabah.     Subterranean  movements 
then  went  on  along  the  basin.     The  southern  end  was 
raised  into  a  barrier,  closing  the  former  exit ;  higher  up, 
the  movement  gradually  changed  into  one  of  depression, 
and  along  a  considerable  part  of  the  valley  the  g^und  was 
sunk  deep  below  the  sea-level;  but  the  depression  was 
greater  at  some  spots  than  others,  and  by  this  uneqii>l 
bending  down  profound  hollows  were  formed  along  ti^® 
course  of  the  stream,  now  occupied  by  the  lakes  in  question- 
Till  the  country  has  been  thoroughly  examined  geologi- 
cally, we  cannot  say  that  the  explanation  just  given  is  cer- 
tainly correct.    The  folding  of  the  surface  into  hollows  is  * 
possible  cause  of  the  origin  of  lakes  that  ought  not  to  b^ 
entirely  overlooked,  but  at  the  same  time  it  is  doubtful  ^ 
we  can  point  to  a  single  instance  in  which  it  has  been 
(conclusively  shown   that  a  lake  has  originated  in  this 
manner. 

Lakes  are  occasionally  formed  in  a  way  somewhat  akin 
to  that  last  described  by  the  dissolving  away  of  beds  ol 
soluble  materials  beneath  the  surface.     This  has  gone  on 
to  a  large  extent  in  Cheshire.     The  New  Bed  Marl,  whicb 
covers  a  large  part  of  that  county,  contains  thick  lenticular 
beds  of  Hock  Salt.     Percolating  water  gradually  carries 
these  away  in  solution,  and  forms  great  underground  cavi- 
ties, into  which  the  overlying  rocks  sink  down,  and  so 
depressions,  which  are  soon  mled  with  water,  are  formed 
on  the  surface.     In  places  where  brine  is  pumped  from 
these  beds  for  the  manufacture  of  salt,  the  removal  goes  no 
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more  rapidly  than  under  natural  oonditionF  and  subsidenoee 
oocnr  on  a  large  scale. 

Lakes  are  occasionally  formed  on  the  alluyial  flats  of 
great  rivers  by  changes  in  the  position  of  the  bed  of  the 
stream.  When  the  narrow  neck  of  land  between  the  ex- 
tremities of  one  of  the  great  winding  sweeps  of  a  river  is 
cut  through,  the  entrances  to  the  old  channel  frequently 
get  choked  up,  and  a  portion  of  the  former  bed  is  isolated 
and  converted  into  a  crescent-shaped  sheet  of  water.  Some- 
timee  it  happens  that  the  whole  space  between  the  old  and 
new  channels  is  turned  into  a  lake.  The  alluvial  surfaces 
are  not  exactly  flat,  but  usually  rise  towards  the  banks  of 
the  stream,  because  it  is  there  tbat  sediment  is  thrown  down 
most  largely ;  in  this  way  natural  embankments  are  formed 
along  the  margins  of  the  river,  and  when  the  raised  edges 
of  the  old  and  new  channels  coalesce,  and  the  sunken  space 
between  is  filled  by  rain  or  high  floods,  a  closed  sheet  of 
water  is  produced.  Lakes  formed  by  these  methods  are 
plentiful  alone  the  course  of  the  Mississippi.* 

The  lakes,  nowever,  formed  in  the  ways  just  described 
form  a  very  small  minority  of  those  which  exist.  Lakes 
are  most  abundant  in  northern  regions,  and  by  far  the 
greater  number  of  these  cannot  be  ranged  under  any  of 
me  above  heads.  The  reader  may  recoUect  a  picture  in 
P¥nchf  where  a  tourist  &om  a  manufacturing  district  re- 
marks of  the  Cumberland  Lakes,  *  *  We  call  them  *  Eesevors ' 
in  our  country."  The  speech  betrayed  geological  ignorance 
quite  as  much  as  a  want  of  appreciation  of  the  pichiresque. 
These  lakes  are  not  bodies  of  water  held  back  by  dams 
resting  on  the  rock  of  the  country;  they  lie  in  hollows 
which  are  scooped  out  in  rock  itself  below  the  ^neral 
level  of  the  floor  of  the  valley,  and  the  lip  that  holds  back 
the  water  is  solid  and  composed  of  the  same  rock  as  the 
bottom  and  the  hills  on  either  side.  Basins  enclosed  in 
this  way  by  an  unbroken  rim  of  solid  rock  all  round  are 
called  ''rock  basins,"  and  it  is  in  depressions  of  this 
nature  that  by  far  the  larger  number  of  lakes,  in  northern 
latitudes  at  least,  are  found  to  lie. 

Fig.  126  is  a  sketch  of  a  lake,  which  a  little  examination 
proves  to  lie  in  a  rock  basin.  Along  the  sides,  and  espe- 
cially on  the  left-hand  margin,  the  ice- worn  surfaces  of  the 
hills  plunge  down  steeply  beneath  the  water,  and  a  single 
glance  is  enough  to  assure  us  that  the  edges  of  the  hollow 
aze  formed  of  solid  rock.     The  nature  of  the  barrier  at  the 

«  Ljell,  Second  Visit  to  the  United  Stiites,  ii.  1 85,  203,  233. 
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ower  end  is  not  so  obvious  at  first,  for  the  ground  is  much 
ibecured  by  debris  from  the  surrounding  huls ;  but  where 
he  stream  issues  from  the  lake  it  has  cleared  away  the 
oose  matter,  and  we  see  deiarly  enough  that  the  water  is 
lowine  over  a  lip  of  solid  rocky  and  that  it  is  this  and 
LOt  a  oam  of  transported  matter  tiiat  holds  back  the  water. 

The  reader  will  notice  in  the  smoothed  and  rounded  out- 
tne  of  the  hills,  and  the  moutonneed  bosses  that  project 
rom  the  debris  in  the  foreground,  signs  of  former  mtenso 
;]aoiation;  the  surface  of  the  rock  also  over  which  the 
Bsoing  water  flows  is  smoothed  and  highly  polished.  We 
haU  see  immediately  that,  wherever  ro<^  basins  occur, 
imilar  proofe  of  glaciation  are  present,  and  that  the  con- 
lection  is  probably  not  accidented. 

It  is  evidently  not  altogether  an  easy  matter  to  account 
or  the  presence  of  a  rock  basin.  Of  iSie  various  explana- 
ions  just  given  of  the  origin  of  lakes  none  will  apply  here, 
inless  it  be  that  of  unequal  sinking  of  the  surface.  But  a 
'exy  cursory  examination  will  show  that  many  rock  basins 


Fig.  127.-— Section  across  a  Lakb  fokmed  bt  Subsidekcb. 

lave  not  been  formed  thus.  If  they  had,  the  bedding  of 
he  rocks  beneath  ought  to  be  parallel  to  the  bottom  of  the 
lasin,  as  in  Fig.  127.  But  frequently  such  is  not  the  case ; 
he  beds  often  strike  directly  across  the  trend  of  the 
ake,  dip  at  all  possible  angles,  and  are  not  unfrequently 
m.  end  oeneath  the  water,  so  that  their  edges  must  have 
)een  worn  off  to  form  the  dish  in  which  it  lies. 

We  must  therefore  look  for  something  which  can  scoop 
lat  hollows  in  solid  rock,  and  Professor  Kamsay  suggested 
hat  we  should  find  the  tool  we  want  in  sheets  of  ice. 

It  is  evident  at  first  sight  that  there  is  no  intrinsic  impos- 
libility  in  this  hypothesis.  Denudation  by  any  fluid  agent 
Jearly  could  not  form  rock  basins,  because  a  running 
tream,  though  it  might  run  into  a  hole,  could  not  run 
»ut  up-hiU  at  the  f^iiher  end.  But  ice,  when  it  has 
mtered  a  depression,  is  still  driven  forward  by  the  pressure 
)f  the  moss  in  the  rear,  and  may  be  forced  out  agam  if  the 
dope  up  which  it  has  to  move  is  not  too  steep. 

Pursuing  this  line  of  thought.  Professor  Riamsay  noticed 
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tbat  rock  Ln-^ins  are  confined  to  certain  wunlries,  vhon 
they  occur  in  immeDse  numben,  and  that  all  these 
couDtries  hli^^w  signs  of  former  ioe-octioii.  on  a  l&ige  scale. 
Scotland,  for  instance,  the  I^ke  district  of  England,  the 
hilly  part^  ijf  Ireland,  St^andinavia,  and  North  Acnenca, 
were  all  of  them  cvered  vith  ice  at  a  time  geologically 
recent,  anil  in  all  of  thorn  lakes  lying  in  rock  basine  are 
scattered  tiruadcust  over  the  eurfaoe,  and  were  once  mure 
numerous  ihnn  at  ]ire?ent,  becauae  many  have  been  silted 
up.  On  the  other  hand,  in  those  parts  of  the  world  which 
show  no  si  fpiB  of  funner  glaciation.  lakos  are  oompaxatiTdly 
rare,  and  ;nany.  [irubably  all,  of  those  we  meet  with  do  not 
lie  in  rock  basinB. 

So  fluggt'stive  an  association  led  to  the  idea  that  rock 
basins  may  havo  b>wn  scooped  out  by  ice  somewhat  in  the 
following  manner.  When  a  sheet  of  ice  descends  a  slope 
itnd  impinges  on  the  flatter  ground  at  its  foot,  the  ex- 
tremity, drivt'U  down  by  the  pressure  of  the  mass  behind, 
acts  like  a  great  gouging  tool,  and  ploughs  into  the  rocks 
of  the  plain.     Tlie  cavity  thus  inmmenced  is  lengthened 


out  as  the  ice  advanecs,  but  tho  force  of  the  thnut  will 
grow  less  and  less  as  we  recede  from  its  source,  and  also 
as  the  glacier  niovea  lower  down  it  melts  away,  and  the 
tliickness,  and  therefore  the  pressure  due  to  its  weight, 
gradually  deiroases.  The  amount  of  erosion  will  thus 
diminish  outwards  from  tho  hill-foot,  and  the  hollow 
formed  will  gi-adually  shallow  in  that  direction  till  it 
cornea  to  nothing.  In  this  way  a  trough  will  be  worked 
out  with  a  Bteep  face  on  the  side  nearest  the  source  of  thf 
ice,  and  a  lon^  slope  sUelring  up  gently  in  tho  opposite 
direction.  Tins  is  found  to  bo  very  generally  the  outline  of 
a  rock  basin.  The  lake  we  have  already  given  as  aa  illus- 
tration shows  it  to  pcrfoctiim,  as  will  be  seen  from  Fig.  129, 
which  is  a  section  on  a  true  scale  across  it  and  a  neigh- 
bouring lakelet.  Tho  slopes  above  tho  head  of  each  lake 
are  ice-worn,  not  unfrequeutly  to  such  an  extent  that  they 
are  actual  inclined  plaues,  so  steep  and  higldy  jwlished  as 
to  nfl'ord  a  very  insecure  foothold  when  clear  of  debris  ; 
they  plunge  down  at  once  into  the  water  without  the  least 
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change  of  inclination^  the  submerged  portion  being  a  direct 
continiiation  of  that  above  the  level  of  the  lake.  At  the 
lower  ends  rock  surfaces,  equally  well  smoothed,  rise  at  a 
low  angle  &om  beneath  the  water  and  slope  up  gently  till 
the  next  abrupt  descent  begins. 

There  can  be  no  question  that  the  basins  have  been 
filled  with  a  mass  of  moving  ice,  and  we  can  readily  realise 
how  they  may  have  been  formed  altogether  by  such  an 
agent.  A  glacier,  cascading  as  it  were  down  a  steep  face, 
was  driven  forcibly  against  the  flatter  ground  at  the  foot, 
and  ate  out  a  hole  which  was  the  beginning  of  the  basin. 
A  hollow  once  started,  the  constant  wearing  of  the  ice-flow 
would  enlarge  and  deepen  it,  but  it  is  easy  to  see  that  the 
slope  of  the  bottom  would  be  smaller  at  the  lower  than  at 
the  upper  end ;  down  the  one  the  ice  slides  with  gravity  in 
its  favour,  while  it  has  to  move  up  the  other  against  the 
action  of  gravity;  when  it  enters  the  hole,  therefore,  its 
erosive  power  is  greater  than  when  it  is  leaving,  so  that  in 
the  one  case  a  larger  amount  of  material  is  removed  and  a 
steep  face  is  produced,  in  the  other  a  more  gentle  slope  is 
formed.  In  fact,  the  ice  having  got  into  the  hole  must  get 
out  of  it,  for  the  pressure  from  behind  will  not  allow  it  to 
stand  still.  But  the  only  way  of  getting  out  is  to  wear 
down  the  rock  that  stands  in  its  way  to  a  slope  gentle 
enough  to  allow  of  the  mass  sliding  up  it. 

Exactly  similar  results  will  foUow  wherever  a  great 
aheet  of  ice  flows  over  an  uneven  surface.  We  only  want 
a  depression  to  begin  with.  Wherever  there  is  a  little 
hollow,  the  ice  will  go  down  into  it,  wear  it  deeper,  and  give 
it  the  same  sort  of  shape  as  the  basins  just  described.  Not 
that  rock  basins  will  always  exactly  conform  to  this  pattern. 
The  relative  hardness  of  the  rocks  of  their  floor  will  modify 
the  result,  greater  erosion  and  therefore  greater  deptJi 
being  produced  where  the  ice  crosses  beds  relatively  soft. 
The  thickness  of  the  ice  will  also  have  an  important  effect ; 
when  it  has  once  been  started  at  its  work,  the  thicker  the 
aheet  the  greater  will  be  the  weight  driving  it  down,  and 
the  greater  the  depth  to  which  it  will  penetrate.  Hock 
basins  will  therefore  be  most  likely  to  be  formed,  all 
other  things  being  equal,  beneath  those  parts  of  an  ice- 
sheet  where  it  is  thickest. 

It  is  important  for  the  full  understcmding  of  the  theory  of 
the  ice  origin  of  rock  basins  that  the  student  should  clearly 
realise  how  very  shallow  in  comparison  with  their  length 
these  hollows  are.  Owing  to  the  very  general  practice  of  using 
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K  Bcalefor  heights  and  doptlialargerthan  that  employed  for 
hori/jjntal  diBtances,  most  iUiistTalions  conrej  a  rery  lalse 
idea  of  the  shape  of  rock  basins.  The  sertion  of  Lough 
Maam  in  Fig.  129,  a  sertion  of  the  Lake  of  Geneva,  giren 
in  Professor  liarosay's  paper  quoted  helow,  or  the  eertion 
of  Loch  Lomond,  facing  p.  518  of  Mr.  James  Q*ikie's 
"  Great  Tee  Age,"  all  of  which  are  drawn  to  a  true  scale 
and  therefore  do  not  exaggerate  the  Blopes,  show  clearly 
that  these  deprossione,  large  as  their  ahsofuto  depth  seems, 
are,  when  their  relative  dimensions  are  taken  into  account, 
only  shallow  pans,  and  that  the  inclination  of  their  beds  is 
by  no  means  so  great  as  that  of  many  aurfaees  up  which 
ice-ehcete  have  certainly  Sowed. 

Loo^  UuB.  Ijmib  SUtwimsaM.  ^^^H 


The  arguments  in  f  ivour  of  the  glacial  ongm  of  many 
rock  basins  aro  verj  forcible    even  though  wo  ma\  not 
vet  ha\e  hit  on  the  exact  nature  of  the  tncthanism  by 
which  ICO  has  been  able  to  scoop  out  tbe--e  hollows      but 
while  we  admit  this,  we  must  not  lose  eight  of  the  possi- 
bility of  some  rock  basins,  specially  some  very  large  ones, 
liaving  bct'n  formed  by  subterranean  movements.      If  ire 
have  a  long  deep  valley  to  begin  with,  and  tlien  euppow 
u  number  of  broad  flat  anticHnals  to  be  formed  ranging," 
athwart  it,  rock  basins  might  certainly  bo  formed,  an]^ 
the  tilt  that  it  wae  necessary  to  give  the  rocks  in  onk^-$t 
to  produce  the  shelving  bottoms  of  the  basins  need      Se 
verj-  small,  so  small  in  fact  that  if  would  bo  difficult  ^v 
detect  it,  specially  in  rocks  that  had  been  previously  ^»-  is 
turbed  and  contorted. 
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SECTION  v.— SURFACES  NOT  WHOLLY  DUE  TO 

DENUDATION. 

So  far  we  have  been  dealing  with  ordinary  hills  and 
TaUeys — what  we  may  caU  everyday  features — and  we  have 
seen  that  not  only  is  denudation  quite  competent  to  produce 
these  inequalities^  but  that  we  know  of  no  other  agent  among 
existing  forces  that  could  have  formed  them,  v  alleys  we 
have  learned  to  look  upon  as  troughs  or  trenches  du^  out 
by  denudation,  just  as  much  as  a  ditch  is  dug  out  with  a 
spade,  while  hills  are  the  remnants  which  denudation  has 
spared.  There  are,  however,  certain  reliefs  of  the  earth's 
surface,  in  the  formation  of  which  denudation  has  played 
only  a  subordinate  part,  and  to  these  we  will  now  turn  our 
attention. 

The  most  important  of  the  features  that  come  under  this 
head  are  Mountain  Chains ;  next  in  order  we  may  put 
Volcanic  Cones;  and  then  we  shall  have  to  notice  the 
minor  instances  of  Eskers,  Moraines,  Sand-dunes,  and 
Alluvial  Flats.  In  the  case  of  all  but  the  last  we  shall  find 
that,  though  their  main  outlines  have  been  determined  by 
some  cause  other  than  denudation,  they  have  by  no  means 
been  unaffected  by  that  all-present  agent,  and  that  all  the 
lesser  details  of  their  surface-form  are  due  to  its  action. 

Honntain  Chains. — The  word  mountain  in  its  popular 
acceptation  can  be  scarcely  said  to  carry  with  it  any  very 
definite  meaning.  It  is  used  vaguely  for  a  very  liigh  or 
otherwise  noteworthy  hill,  but  the  limit  above  which  a  hiU 
must  rise  before  it  can  be  entitled  to  be  called  a  mountain 
is  purely  arbitrary,  and  depends  largely  on  its  surroundings. 
The  Bigi,  for  instance,  is  so  dwarfed  by  the  neighbouring 
Alpine  peaks,  that  it  is  reckoned  no  more  than  a  subordi- 
nate summit ;  if  it  were  transported  to  the  flats  of  Holland, 
it  would  be  there  looked  ujion  as  a  conspicuous  mountain. 

But  it  is  possible  to  frame  a  definition,  though  perhaps 
not  a  very  rigid  one,  of  what  is  meant  by  a  mountain  chain. 
The  one  great  leading  feature  wliich  distinguishes  moun- 
tain chains  fi'om  the  hills  and  ridges  we  have  hitherto  been 
dealing  with  we  shall  find  in  the  end  to  be  this*  They  are 
not  blocks  of  rock  that  stick  up  because  the  matter  that 
once  surrounded  them  has  been  removed  hy  denudation ; 
theif  owe  their  superior  elevation  to  the  fact  that  th^  rocks  of 
'^hieh  they  are  composed  have  been  squeezed  and  ridged  up  to  a 
greater  height  than  the  rocks  of  the  country  on  either  side. 

H  H 
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But  this  18  not  a  truth  that  can  be  learned  by  direct  ob- 
servation ;  it  is  rather  a  conclusion  we  arrive  at  only  after 
having  gone  through  a  somewhat  complex  train  of  reason- 
ing ;  it  is  not  therefore  very  well  suited  to  form  the  basis  of 
a  definition.  But  if  all  the  regions  that  have  imdergone 
this  squeezing-up  process  are  found  to  ag^ee  in  posseting 
certain  simple  and  easily  recognisable  external  characters, 
and  if  these  characters  are  not  found  anywhere  except  in 
such  regions,  we  shall  have  in  these  peculiarities  a  means 
by  which  the  eye  alone  can  decide  whether  any  given  tract 
of  lofty  ground  is,  or  is  not,  entitled  to  be  called  a  mountain 
chain. 

Now  there  are  two  distinguishing  features  which  most, 
if  not  all,  mountain  chains  present. 

1st.  Their  breadth  is  small  compared  with  their  length. 

2nd.  They  rise  sharply,  and  are  marked  off  clearly,  from 
the  country  on  either  side. 

It  is  by  the  first  of  these  tests  that  we  distinguish  between 
a  true  mountain  range  and  a  mere  lofty  plateau.  The 
former  consists  of  a  long  narrow  ridge,  or  a  succession 
of  ridges  running  rudely  parallel  to  each  other,  along 
the  crests  of  which  projecting  peaks  are  perched  in  Iw^ 
approximately  rectilinear,  A  plateau,  or  table-land,  is  a 
broad  expanse  of  elevated  groimd  of  a  tolerably  uniform 
height  all  over,  and  any  points  that  rise  prominently  ahore  tti 
level  are  liahU  to  he  dotted  about  without  order  or  arrangetnent. 

This  chain-like  structure  may  always  be  recognised  if  ve 
take  a  broad  view  of  any  great  mountain  range,  thouffh 
liere  and  there  it  may  be  difficult  of  detection,  or  may  be 
for  a  while  lost  altogether.  This  will  be  the  case  at  those 
great  knots  of  mountains  which  are  formed  where  two  or 
more  ranges  meet  or  cross  one  another ;  but  such  excep- 
tions are  of  the  nature  of  local  accidents,  and  do  not  pre- 
vent us  from  realising  the  general  character  of  the  ridges 
as  a  whole,  any  more  than  the  fact  that  a  long  street  opens 
out  every  here  and  there  into  broad  squares,  prevents  our 
seeing  that,  on  the  whole,  it  is  a  street  and  not  a  square. 

The  second  feature  will  be  found  to  be  present  to  a  far 
greater  or  loss  extent  in  all  great  moimtain  ranges.    It  is 
true  that   the  main   central   chain  is  usually  flanked  by 
lower  parallel   ridges,    and    that  these  lessen    in    some 
measure  the  abruptness  of  the  transition  from  the  high 
lands  to  the  plains,  and  make  it  difficult  to  say  exacUj 
where  one  ends  and  the  other  begins ;  but  for  all  tliis  the 
eye  seldom  fails  to  recognise  on  a  general  view  the  exist- 
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ence  of  a  change  in  feature  more  or  less  sudden,  even  though 
it  may  be  hardly  possible  to  lay  one's  finger  on  the  actual 
spot  where  it  occurs. 

The  reader  will  perhaps  form  a  good  idea  of  the  broad 
structure  and  general  character  of  a  mountain  chain  in  this 
way.  Let  him  take  a  number  of  long,  squat,  triangulai 
prisms,  of  different  sizes,  and  lay  them,  with  their  broad 
faces  downwards,  parallel  to  one  another  on  a  table,  the 
highest  in  the  middle,  the  smallest  outside,  and  the  rest 
ranged  between  in  the  order  of  their  size ;  then  let  him 
cat  and  hack  the  upper  edges  till  their  outline  becomes 
jagged  and  serrated.  The  group  will  then  form  a  very 
fair  representation  of  a  mountain  chain  composed  of  a 
number  of  parallel  ridges,  increasing  in  height  towards  the 
centre,  and  with  prominent  peaks  ranged  along  their 
crests ;  and  the  way  in  which  the  group  is  clearly  marked 
off  from  the  flat  of  the  table  will  enable  him  to  realise  how 
a  mountain  chain  rises  boldly  and  sharply  out  of  the 
oountry  on  either  side  of  it. 

The  definition  just  given  will  exclude  from  the  class  of 

mountain   chains  many  tracts  of    lofty  country  usually 

spoken  of  as  mountainous.     For  instance,  it  will  not  allow 

of  the  existence  of  mountain  ranges  in  the  Highlands  of 

Scotland.     If  we  were  to  look  down  on  that  country  from  a 

balloon,  we  should  see  nothing  corresponding  to  our  table 

and  array  of  prisms.     On  the  contrary,  it  would  appear  to 

l>e  a  great  table-land,  not  perfectly  flat,  but  with  a  surface 

slightly  undulating  like  that  of  a  sea  roughened  by  the 

-wind ;  valleys  would  be  seen  to  cut  across  it,  but  they  would 

look  like  trenches,  and  would  scarcely  interfere  with  the 

apparent  general  evenness  of  the  surface.     And  if  we 

checked  this  first  impression  by  the  aid  of  a  raised  map  of 

the  district,  we  should  find  that  our  eyes  had  not  deceived 

us.     A  sheet  of  paper  laid  horizontally  on  such  a  map 

iMrill  touch,  or  very  nearly  touch,   the  tops  of  almost  all 

the  hills ;  here  and  there  a  hole  may  have  to  be  made  to 

allow  a  projecting  point  to  come  through,  but  these  are  few 

in  number,  none  of  them  rise  much  above  the  average  level 

of  the  surrounding  summits,  and  most  of  them  occur  at 

haphazard  and  wi^  no  tendency  to  a  linear  arran^ment. 

On  the  other  hand,  if  we  turn  to  Italy,  we  shall  realise 
the  contrast  between  a  lofty  table-land,  like  that  of  Scotland, 
and  a  true  mountain  chain  ;  for  the  Apennines,  in  spite  of 
^eir  moderate  height,  are  clearly  entitled  to  that  rank. 
IThey  form  a  range  decidedly  long  and  narrow,  and  they 
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MX9  flunked  od  both  sides  by  ground  markedly  inlenoi  lo 
them  in  elevatioa. 

The  two  distinguishing  features  on  which  we  have  bwn 
commeutiiig,  though  they  are  useful  as  enabling  us  toi^ 
cognise  mountain  chains,  throw  no  light  on  the  mod«  ol 
their  formation.  Wo  now  pass  on  to  a  fact  which  tui  * 
most  important  bearing  in  this  direction.  All  hill  raogM 
which  present  these  features  are  found  to  agree  in  pOHWO- 
inp  another  peculiarity.  Th«  ttrata  of  tchieh  they  art  fi*- 
po»e4  an  alteayt  found  to  have  ism  violently  ditturitd.  The 
moat  striking  form  of  distortion  is  crumpling  on  sn  eit^u- 
Bive  scale,  by  which  the  beds  hare  been  folded  into  cun« 


8  radius  and  puoktrfd  up  into  the  most  com- 
])licated  contortious  in  many  i,ases  this  has  gone  so  I»r  "j* 
to  bend  over  the  rocks  in  the  manner  shown  m  Fig- 1^0. 
and  give  nse  to  perfect  and  repeated  mvorsion. 

Instances  of  this  kind  liavo  already  been  given,  ann  i' 
has  bei.'n  pointed  out  how  completely  mountain  eoctiona  m*? 
mislead  us  as  to  the  true  oraer  of  the  beds,  when  part* 
ol  the  folds  have  been  removed  by  denudation.  Faulting 
on  a  largo  scale  is  also  very  generally  met  with  amoiiS 
the  disturbed  strata  of  mountain  chains,  and  ii  is  sain 
that  the  faults  are  frequently  reversed.     The  axes  of  the 
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olds  and  the  faults  are  in  a  general  way  parallel  to  the 
rend  of  the  range. 

It  must  not  be  supposed  that  the  distinction  between 
lountain  chains  and  plateaus  can  be  always  rigidly  main- 
lined ;  there  are  elevated  tracts  which  are  somewhat  inter- 
lediate  between  the  two,  and  about  which  it  is  not  easy  to 
s^  to  which  class  they  ought  to  be  referred.  The  strata 
f  table-lands  are  sometimes  folded  and  contorted  very  much 
1  the  same  manner  and  nearly  to  the  same  extent  as  those 
f  mountain  chains,  and  show  locally  intense  crumpling  and 
lYersion.  But  in  the  one  case  the  plication  has  been  wide- 
pread,  and  the  resulting  contortion  is  consequently  on  the 
rhole  less  violent ;  in  the  other  it  has  been  localised  and 
cmcentrated  along  certain  lines,  whereby  the  effects  have 
een  rendered  more  pronoimced  and  confined  to  a  com- 
aratively  narrow  belt. 

The  reader  will  now,  it  is  hoped,  have  arrived  at  a  clear 
otion  of  what  it  is  that  constitutes  a  mountain  chain.  It 
s  a  long  narrow  range  of  veiy  lofty  ground,  sharply  marked 
ff  from  the  countiy  on  each  side,  and  the  strata  of  which 
;  is  composed  are  violently  disturbed,  as  if  they  had  been 
^ueezed  together  forcibly  in  a  direction  at  right  angles  to 
tie  axis  of  the  chain. 

These  being  the  facts,  to  what  conclusion  do  they  lead  us 
8  to  the  method  of  formation  of  moimtain  chains  ? 

We  have  already  seen  reason  to  believe  that  the  process 
rhich  gave  rise  to  areas  of  dry  land  consisted  in  a  folding 
f  the  earth's  crust  into  arches  and  troughs,  that  continents 
re  in  a  broad  sense  the  denuded  backs  of  arches,  and  that 
oeanic  depressions  have  had  their  rise  in  troughs.  Now 
'6  have  only  to  suppose  this  same  folding  process  to  act 
ith  intense  energy  along  certain  lines,  and  we  have  the 
lachineiy  competent  to  produce  a  mountain  chain.  A  long 
arrow  ridge  would  be  gradually  raised  above  the  general 
irface,  and  if  elevation  went  on  faster  than  denudation 
>iild  wear  down  the  protuberance,  a  rang^  of  high  ground 
sing  sharply  from  the  country  on  either  side  would  be  per- 
lanently  established.  At  the  same  time  the  thrust,  which 
|ueezed  up  the  range,  would  contort  and  crumple  the  strata 
ito  folds  ranging  parallel  to  its  length.  It  must  not  be 
ipposed  that  all  the  work  was  done  at  the  same  time ;  the 
rocess  was  repeated  probably  over  and  over  again  along 
le  same  general  line,  and  thus  at  length  the  great  mountain 
mgee  were  brought  to  their  present  elevation.  On  this 
Lew  all  the  great  leading  relieu  of  the  earth's  surfaoe  are 
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the  restilt  of  a  Mnd  of  shrivelling,  and  mountainB  are  the 
more  prominent  wrinkles. 

To  this  theory  of  moimtain-bnilding  no  serious  objectian 
has  yet  been  urged,  and  it  certainly  looks  as  if  it  contained 
the  elements  of  a  true  explanation,  even  if  it  be  not  the 
full  explanation  itself.  There  are,  however,  certain  diffi- 
culties in  the  way  of  accepting  the  accompanying  expla- 
nation of  the  origin  of  continents  and  oceanic  trou^; 
these  have  been  &eady  hinted  at,  and  will  be  more  fully 
treated  of  in  the  next  chapter. 

There  are  two  more  facts  which  support  the  oonduHion 
that  the  elevation  of  moimtain  chains  was  the  work  of 
lateral  thrust.     The  one  is  the  presence  of  cleavage,  the 
planes  of  which  range  parallel  to  the  axis  of  the  chain; 
this  is  a  proof  that  the  rocks  have  been  compressed  in  a 
direction  at  right  angles  to  that  line.     The  other  fact  is 
that  mountain  chains  usually  show  a  central  core  or  axis  of 
Granite  or  some  allied  rock,  which  shades  off  insensibly 
on  either  side  into  Gneiss,  Mica  Schist,  and  other  highly 
metamorphic  forms,  while  from  these  last  a  gradual  pa^ 
sage  can  be  traced  into  unaltered  beds  (see  Fig.  138).   1^ 
other  words,  since  the  Granite  probably  marks  only  the 
extreme  stage  of  metamorphism,  the  interior  of  a  mountaii^ 
chain  consists  of  intensely  metamorphosed  rocks,  and  tb^ 
alteration  grows  less  and  less  as  we  recede  from  the  a^^ 
till  it  disappears  altogether.     Now  the  pressure  require^ 
by  our  theory  may  well  have  given  rise  to  heat  sufficiet^ 
to  produce,  in  conjunction  with  other  agents,  this  met^ 
morphism.  ^ 

The  bulk  of  a  mountain  chain,  then,  must  be  supposeC^^ 
to  have  been  raised  to  its  present  position  by  the  violen^^ 
crumpling  up  of  a  narrow  strip  of  the  earth's  crust.     BuP^ 
this  was  only  the  first  step  in  the  process  of  its  formation.  '^ 
While  this  was  going  on  denudation  was  not  idle,  and  it    ^ 
continued  to  work  when  the  elevation  was  completed.    Ab 
the  ridge  was  raised  higher,  it  became  more  and  more  ex- 
posed to  the  action  of  the  elements,  and  subcierial  denuding 
forces  were  enabled  to  act  upon  it  with  more  and  more 
telling  effect.       By  them  the  huge  uncouth  mass  was 
gradually  worked  into  its  present  shape,  and  car\'ed  out 
into  an  assemblage  of  bristling  peaks,  craggy  precipices, 
^^gg^d  gorges,  and  open  valleys. 

It  may  be  asked  whether  it  is  necessary  to  call  in  the  aid 
of  special  machinery  for  the  production  of  mountain  chains, 
and  why  they  cannot  be  looked  upon,  like  other  hiUa,  as 


ESKEBS.  471 

amply  the  remnants  of  denudatioii.  There  are  two  main 
■easons  why  we  must  seek  an  explanation  of  the  origin  of 
Qountain  chains  different  from  that  which  sufficed  for  or- 
linary  elerations. 

In  the  first  place,  what  we  may  call  the  isolation  of  monn* 
ain  chains  is  a  ground  for  calling  in  some  special  agency 
or  their  production.  Where  intense  contortion,  cleavage, 
md  metamorphism  are  manifested  only  along  a  certain 
land,  there  is  good  reason  for  thinking  that  the  forces 
vhich  gave  rise  to  these  phenomena  were  confined  to  that 
>and,  or  at  least  acted  with  unusual  intensity  within  it. 
Secondly,  in  order  to  get  a  mountain  chain  by  denudation 
done,  an  amount  of  rock,  far  greater  than  we  have  any 
■eaaon  to  believe  denudation  can  have  removed,  must  have 
>een  carried  away. 

We  have  seen  that  possibly  the  ultimate  source  of  the 
derating  force  was  in  all  cases  the  same;  that  where  it 
otended  over  a  broad  area,  an  embiyo  continent  was 
[iroduced  ;  but  where  it  was  limited  to  a  comparatively 
larrow  belt,  its  intensity  was  thereby  increased,  and  the 
"udiments  of  a  mountain-chain  were  the  result.  In  either 
»8e  it  was  certainly  denudation  that  gave  the  finishing 
»uches,  and  ccirved  out  all  the  lesser  details  of  the 
mtline. 

Yolcanie  Cones. — ^Volcanic  cones,  the  reader  will  recol- 
ect,  are  mounds  of  fragments  of  rock,  which  were  shot  out 
>f  a  hole  in  the  groimd,  and  piled  up  in  a  heap  round  it, 
irith  layers  of  lava  poured  from  time  to  time  over  the  pile 
n  a  semi-fluid  state  out  of  the  same  orifice.  Neither  denu- 
lation  nor  elevation  had  anything  to  do  with  their  original 
formation,  but  the  former  agent  of  course,  as  time  goes  on, 
nodifies  their  shape ;  by  the  washing  down  of  their  friable 
naterials  their  conical  abruptness  is  diminished,  and 
^lullies  and  gorges  are  scored  down  their  flanks. 

Eskers. — Among  the  most  remarkable  of  the  minor 
Features  of  hilly  districts  in  northern  latitudes  are  certain 
ong,  winding  ridges  and  hummocky  mounds  of  gravel  and 
land,  which  go  by  the  name  of  Kames  in  Scotland,  and 
Bskers  in  Ireland.  They  rise  boldly  and  sharply  with  steep 
dopes,  to  heights  of  occasionally  as  much  as  100  feet  and 
iometimes  more,  from  the  ground  on  which  they  stand,  and 
^e  sing^arity  of  their  appearance  has  attracted  the  atten- 
tion of  others  beside  geologists.  Fairy  legends  still  hover 
ftround  them ;  they  are  pointed  out  as  the  ropes  of  sand  in 
the  manufacture  of  which  an  enchanter  strove  to  keep  a 
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restlent!  demon  out  of  mtschief ;  and  xbsfj  were  utiliKd  tt 
natural  earthworks  iu  the  days  of  earlj  warfare. 

To  accx>unt  for  the  origin  of  these  singular  Ulloda. 
numerous  theories  hare  been  propounded;  thrae  <:sn  be 
little  doubt,  howeveF,  that  they  nave  not  all  been  prodvcid 
iu  the  same  way. 

Some  Bo-called  eskers  are  certainly  nothing  but  moiini^^r 
which  have  been  carved  by  denudation 
out  of  a  thick  sheet  of  gxarel;  these 
present  no  pequliarity  which  entitles  to 
notice  iu  the  present  section. 

But  there  are  others  to  which  this 
explanation  will  not  apply,  and  which 
undoubtedly  owe  their  shape  in  a  la^e 
measure  to  the  manner  in  which  their 
materials  have  been  heaped  up. 

Several  Cads  lead  us  to  this  condu- 
sion.  It  not  udfrequently  happens  that 
the  long  ridges  run  together,  and  en- 
close oval-shaped  hollows  withovt  on 
oatht,  which  are  sometimes  still  occu- 
pied by  tarns,  and  sometimes  by  peaty 
or  alluvia]  deposits  formed  by  the  ailtina; 
up  of  lakea  that  once  lay  in  them.  E 
is  evident  that  these  depressions  could  ' 
not  have  been  cut  out  of  a  sheet  of  ' 
gravel  by  rain  or  river  action,  because 
there  is  no  road  by  which  a  stream  of 
water  could  escape  from  them ;  and  the 
only  way  we  can  account  for  their  occur- 
rence is  by  supposing  that  the  gravel 
was  piled  up  in  heaps  round  the  central 
hollow,  BO  as  to  enclose  it  completely  oa 
all  sides. 

This  conclusion  ie  further  strength- 
ened by  the  internal  structure  of  the 
kames.  When  cut  across,  they  show  a 
section  like  that  in  Fig,  131,.  The  gravel 
is  very  distinctly  though  irregularly  bedded,  and  the  hedi 
er,  so  that,  iu  a  general  way,  the  diret^on  and  amoiuit 


of  the  dip  is  about  the  same  as  the  slopes  of  the  surface  ol 
the  ridge.  This  is  just  the  structure  that  would  he  produced 
if  the  materials  had  been  heaped  up  by  currents  oomiog 
alternately  from  opposite  quarters.  Such  conditions  exiit 
where  a  river  with  fall  enough  to  enable  it  to  oany  (town 
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^yel  enters  a  tidal  sea.  The  crater  part  of  the  heavy 
naterial  is  let  fall  near  the  mourn  of  the  river  and  forms  a 
"  bar."  At  low  water  there  is  nothing  to  check  the  force  of 
he  stream,  and  it  rolls  the  g^vel  up  the  inner  face  of  the 
xur  and  arranges  it  in  layers  dipping  towards  the  land  ;  as 
he  tide  rises  me  river  is  pounded  back,  and  the  incoming 
vaves  roll  pebbles  up  the  outer  face  of  the  bar,  spreading 
hem  out  in  beds  which  dip  towards  the  sea. 

At  veiy  many  spots  where  eskers  occur,  exactly  such 
conditions  as  these  wotdd  be  produced  if  the  land  were 
(ubmerged.  Eskers  are  extremely  common,  for  instance, 
rhere  large  mountain  valleys  open  out  into  flatter  country. 
Supposing  the  sea  to  encroach  as  far  as  the  mouths  of  the 
ralleys,  me  load  of  debris  brought  down  by  the  moimtain 
orrents  would  be  tossed  about  alternately  by  the  stream 
ind  the  incoming  tide,  and  arranged  in  mounds  and  ridges. 

An  excellent  instance  of  eskers  lying  in  such  a  situation 
B  found  in  the  lower  part  of  Ennerdale,  and  is  illustrated 
yy  Fig.  132.  The  sk^h  is  taken  just  where  the  hiUs  of 
he  Lake  ooimtiy  begin  to  rise  from  the  plain  of  West 
}iimberland.  The  long,  narrow  mountain- valley  is  seen 
tretching  away  in  the  distance ;  the  two  moundy  hills  in 
he  foregroimd  with  tarees  on  them,  are  eskers  planted  just 
rhere  me  valley  opens  out  on  to  the  flat  country;  mey 
orm  part  of  a  group  which  runs  across  the  mouth  of  the 
alley,  and  extends  fax  out  into  the  plain. 

Another  favourite  locality  for  eskers  is  a  valley,  which 
abmergence  would  convert  into  a  narrow  strait  connecting 
pposite  seas.  Along  such  a  passage  tides  coming  in  oppo- 
ite  directions  race  furiously,  and,  where  they  meet,  the 
mterials  swept  along  by  die  currents  are  piled  up  in 
lounds  and  ridges  having  the  outline  and  structure  of 
gkers.  8ome  fine  groups  of  eskers  are  perched  on  pla- 
3aus ;  in  such  a  case  we  find  that  a  certam  submergence 
roold  convert  the  plateau  into  a  low  spit  of  land,  over 
rhich  the  tides  would  wash  at  high  water  from  opposite 
uarters. 

One  or  other  of  the  explanations  just  given  will  accoimt 
nr  the  formation  of  a  large  number  of  these  singular  hum- 
Locke,  but  not  for  all.  We  occasionally  meet  with  long 
lake-like  ridges,  winding  over  the  country  with  oonsider- 
ble  disregard  to  the  inequalities  of  the  surface,  and  it  is 
Y  no  means  easy  to  say  exactly  how  these  were  formed. 
B  Scandinavia  again,  long  ridges  of  g^vel  and  sand, 
Down  as  Asar,  are  plentiful ;    they  can  sometimes  be 
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for  mor^  than  a  hundred  English  miles,  and  their 
has  not  yet  been  satisfactorily  made  out.* 
mines. — Among  the  minor  reliefs  not  due  to  denuda- 
)  may  reckon  Glacier  Moraines.  In  outward  form 
•e  often  very  like  eskers,  and  the  two  have  not  un- 
atly  been  mistaken  for  one  another.  In  section, 
jr,  it  is  always  possible  to  distinguish  between 
The  g^vel  of  an  esker  is  usually  well  bedded; 
aine  consists  of  angular  blocks  of  all  sizes  and 
,  jumbled  together  without  order  or  arrangement, 
ith  no  regard  to  size  or  weight.  The  moraines  of 
glaciers  form  hills  of  considerable  size  :  those  of  the 
Baltea,  opposite  the  mouth  of  the  valley  of  Aosta, 
Dm  the  plains  of  Piedmont  to  heights  of  1,500,  and 
place  of  nearly  2,000  feet,  and  have  a  frontage  of  at 
[fty  miles:  the  lateral  Moraines  stretch  along  the 
in  ridges  equally  conspicuous. 
cl  Dim68.---Somewhat  allied  to  eskers  are  the 
s  of  sand  swept  off  the  shore  by  winds  and  piled 
emd  in  hillocks.  They  often  reach  a  considerable 
and  assume  wild  fantastic  forms ;  the  slope  of  the 
side  is  much  steeper  than  that  of  the  side  which 
he  sea;  in  section  the  successive  layers  by  which 
'ere  formed  can  often  be  traced.  They  are  never 
lent,  but  shift  their  position  and  change  their  shape 
^eiy  gale.f  Though  most  commonly  found  near  the 
hey  are  not  confined  to  that  locality,  but  are  formed 
md  if  a  supply  of  fine  dry  sand  is  present.  Thus 
id  furnished  by  the  weathering  of  the  Bunter  Sand- 
f  the  centre  of  England  is  sometimes  heaped  up  into 
lunes. 

es  enelosed  by  heaped-np  Mounds. — ^The  dif- 
kinds  of    mound-like    elevations    just    described, 
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which  have  been  formed  by  the  heaping  up  of  their  mate- 
rials, are  frequently  so  arranged  as  completely  to  encloee  a 
hollow,  and  when  this  becomes  filled  with  water  a  tan  or 
lake  is  produced. 

Alluvial  Flats. — ^When  a  tract  of  ground  not  per- 
manently imder  water  becomes  submerged  during  floods, 
the  materials  held  in  suspension  are  thrown  down  as  the 
water  comes  to  rest.  Deposits  formed  in  this  way  are 
called  Alluvial.  If  the  floods  recur  frequently,  any  inequa- 
lities which  denudation  may  produce  in  the  interval  between 
two  submergences,  are  flUed  up  by  the  deposit  of  sediment, 
and  a  smooth  even  surface  is  constantly  maintained ;  hence 
the  surface  of  alluvial  deposits  is  usually  flat. 

Biver  Flats. — The  valley  of  a  river  flowing  throng 
easily  denuded  rocks  generally  has,  over  that  part  of  its 
course  where  the  fall  is  too  small  to  allow  of  the  deepening 
of  the  channel,  a  broad  flat  bottom  of  rich  meadow  land, 
over  which  the  stream  winds  in  broad  curves.  From  to 
on  either  side  the  ground  rises  in  steep  banks  or  (M^ 
The  flat  is  periodically  flooded,  and  the  matter  held  in  sus- 
pension falls  down  as  the  force  of  the  flood  abates,  and  is 
spread  out  in  broad  smooth  layers. 


Fig.  133. — SEonoN  across  a  Valley  with  old  Rivsr  Thbbacis. 

a,b.  Terraces  of  Old  AUuvimn. 

e.  Present  Alluvial  Flat 

1.  Level  of  the  River  when  a  was  laid  down. 

S.  Level  of  the  River  when  b  was  laid  down. 

Old  Biver  Terraces. — ^We  also  frequently  find,  perched 
at  different  heights  on  the  flanks  of  a  valley,  a  succession  of 
terfacos  with  flat  surfaces,  composed  of  gravel,  sand,  or 
silt,  similar  to  that  of  the  alluvial  bottom.  These  are  the 
remnants  of  old  alluvial  flats  formed  by  the  river  when  it 
flowed  at  higher  levels  than  now.  Fig.  133  is  a  section 
across  such  a  valley,  showing  two  such  terraces.  The 
dotted  line  (1)  marks  what  was  at  one  time  the  bottom  of 
the  valley.    The  river  flowed  at  this  level,  with  a  fall  not 
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suCScient  to  enable  it  to  cut  down  its  b  3d,  long  enough  to 
enable  it  to  spread  out  a  sheet  of  alluyium.     Afterwards, 
owing  to  a  change  in  physical  geography,  the  fall  or 
^volume  of  the  river  increased ;  it  began  to  cut  down  its 
cliATinel,  and  the  valley  was  deepened.     During  this  process 
"tlie  whole  of  the  alluvial  sheet  was  carried  away  except  the 
1>it  at  a.  The  deepening  of  the  valley  went  on  till  it  was  cut 
dowm  to  the  level  (2),  when  the  fsdl  was  so  far  decreased 
that  erosion  ceased,  and  a  second  alluvial  flat  was  pro- 
duced.    Then  the  deepening  process  began  again,  a  great 
port  of  the  second  alluvial  deposit  was  swept  oif,  but  two 
patches   {h  b)  remain   at   correBX)onding  levels  on    either 
Bide  of  the  valley  to  mark  its  position.     When  the  valley 
had  been  eaten  out  to  its  present  depth,  the  stream  again 
began  to  form  deposits  on  each  side,  and  produced  the  pre- 
sent flat  (<?). 

Many  river  terraces  have  been  formed  in  the  manner 
lust  described,  but  probably  not  all.  For  instance,  a  very 
mgenious  exi)lanation  of  the  formation  of  gravel  terraces 
by  the  aid  of  glaciers  has  been  suggested  by  Professor 
Jamieson  in  the  paper  quoted  a  little  way  back  (Quart. 
Joum.  Geol.  Soc.  of  London,  xxx.  333). 

Sea-beaches. — We  have  seen  that  the  action  of  the  sea 
tends  to  wear  down  whatever  stands  in  its  way  to  a  uniform 
level.  By  this  means,  if  the  land  remain  long  enough  at 
the  same  level,  a  notch  or  shelf  is  cut  around  the  coast,  and 
upon  the  terrace  so  formed  the  tides  spread  out  sand  and 
shingle. 

Saised  Beaches. — These  sea-beaches  correspond  among 
marine  deposits  to  the  alluvial  flats  of  rivers;  and  just 
as  a  river  valley  is  sometimes  edged  with  old  alluvial 
terraces,  so  we  occasionally  find  terraces  of  sea-s€md  and 
shingle,  fringing  the  coast  at  various  heights  above  the 

E resent  sea-level,  which  were  formed  when  the  land  stood 
)wer  than  at  present.  Fig.  1 34  illustrates  such  a  ca.se.  A 
is  the  present  beach  boxmded  on  the  landward  side  by  a 
ridge  {j6)  of  shingle  thrown  up  by  the  waves.  Above  this 
there  is  an  old  beach  (a)  and  a  shingle  ridge  {h),  correspond- 
ing in  every  respect  to  A  and  i/,  and  evidently  formed 
when  the  land  stood  so  much  lower  that  the  tides  ran  up 
as  far  as  b. 

These  old  marine  terraces  go  by  the  name  of  Kaised 
Beaches ;  they  are  frequently  bounded  towards  the  land  by 
lines  of  bluffs,  in  which  it  is  easy  to  recognise  former  sea- 
cliffs  ;  the  caves  worn  in  them  by  the  action  of  the  waves. 
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and  sometimes  even  the  marine  shellB  that  lived  on  their 
face,  often  remain  long  after  the  sea  has  retired. 

Surfaces  of  Deltas. — ^When  a  tract  of  low  land  has 
been  formed  by  the  accumulation  of  sediment  at  the  mouth 
of  a  river,  fresh- water  or  marine  alluvium  is  spread  over 
it  during  floods  or  liigh  tides,  and  it  acquires  an  even  sur- 
face. In  this  way  the  whole  of  the  Netherlands  has  been 
formed  out  of  mud  brought  down  by  the  Hhine. 

Silted-up  Lakes. — AVbere  a  lake  has  been  filled  up  bj 
the  deposition  of  sediment,  a  flat  resembling  the  allufial 
plains  of  rivers  is  produced. 

In  all  these  cases  of  alluvial  surfaces  their  flatness  is  the 
result,  not  of  denudation,  but  of  the  slow  and  regular  de- 
position of  sediment  in  horizontal  beds.  As  they  are  for 
the  most  part  low-lying,  they  occupy  positions  whei©  the 
action  of  denudation  is  feeble,  and  they  therefore  retain  fof 
a  long  time  their  original  evenness  of  surface. 


Fig.  134. — SzcTiOK  OP  MoDEKN  AMD  Old  Sea-bsach. 


A.  Modem  Beach. 

a.   Ancient  ditto. 

L.  Present  High  Tide  Level. 


B.  Modem  Shingle  Bidge. 
b.  Ancient  ditto. 


Prairies  and  Deserts. — It  seems  likely  that  the  wider 
rolling,  dry  prairies  of  North  America  have  originated  in 
the  filling  up  of  a  great  sheet  of  water  which  once  extended 
over  parts  of  Iowa,  Illinois,  Indiana,  and  Michigan,  and  of 
which  the  present  North  American  lakes  are  the  dwindled 
remnants.* 

It  may  be  also  that  deserts,  such  as  the  Sahara  and  those 
in  the  interior  of  Australia,  are  old  sea-bottoms  but  Htde 
modified  by  denudation, 

Summary. — ^When  we  come  to  sum  up  the  restdts  of  thi* 
chapter,  we  find  that,  with  a  very  few  unimportant  excep- 
tions, the  dry  land  has  everywhere  a  carved  and  sculptured 
surface,  and  that  the  tool  which  gave  it  its  present  shape 
was  water,  liquid  or  solid. 

•  On  the  Origin  of  the  Prairies  Prof.  Alex.  Winchell,  SiUinun'i 
of  the  Valley  of  the  Miaaiamppi,      Joum.,  2nd  ser.,  xxxviiL  d32, 444. 
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In  the  majority  of  cases,  the  contours  and  inequalities 
of  the  g^und  are  due  to  this  cause  alone  ;  hills  exist,  not 
because  the  materials  of  which  they  are  composed  have 
been  pushed  up  higher  than  the  surroimding  country,  but 
because,  while  denudation  carried  away  some  parts,  other 
parts  were  better  able  to  hold  out  against  its  wearing  action 
and  were  left  standing  up.  Valleys  have  not  been  pro- 
duced by  a  bending  down  or  fissuriiig  of  the  earth's  crust, 
but  are  trenches  eaten  out  by  running  water  or  moving  ice. 

The  sea  and  subaerial  denuding  forces  had  each  a  dis- 
tinct share  in  the  work.  As  continuous  gentle  elevation 
raised  the  sea-bottom  into  the  air,  the  waves  pared  it  down 
to  an  even  surface,  known  as  a  Plain  of  Marine  Denuda- 
tion, and  subaerial  agoiits  carved  this  out  into  hills  and 
valleys.  The  action,  of  the  one  may  be  compared  to  the 
labour  of  the  quarryman,  who  furnishes  a  rough-hewn 
slab ;  the  work  of  the  others  resembles  that  of  a  sculptor, 
who  carves  out  on  the  surface  of  the  marble  a  subject  in 
relief. 

In  the  case  of  great  mountain  chains  however  and  the 
broad  valleys  that  lie  between  them,  the  elevatory  forces 
have  played  a  more  prominent  j>art  in  determining  the 
shape  of  the  surface.  A  long  narrow  zone  of  the  earth's 
crust  was  ridged  up  faster  than  denudation  could  wear  it 
away,  or  under  circumstances  where  denudation  could  not 
act,  and  thus  the  main  shape  and  direction  of  the  rang^  was 
established.  Thus  much  must  be  assigned  to  elevation, 
but  all  the  lesser  details  are  the  work  of  denudation,  which 
cut  out  the  peaks  that  crown  and  the  gorges  that  txaverse 
the  ridges. 

In  some  cases,  then,  elevation  has  had  a  leading  share  in 
determining  the  reliefs  of  the  earth's  surface,  and  water  has 
given  the  iinishing  touches ;  in  the  majority  of  cases  the 
inequaUties,  great  and  small  alike,  have  been  whoUy  the 
result  of  denudation. 

The  chief  exceptions  to  this  sweeping  statement  are  the 
cones  heaped  up  by  volcanic  discharges ;  the  mounds  and 
ridges  of  sand  and  gravel  piled  up  by  waves  and  wind; 
moraines ;  and  the  flats  formed  by  the  deposition  of  alluvial 
sediment  and  by  the  silting  up  of  lakes. 

Of  the  abimdant  literature  on  the  subject  of  the  present 
chapter  the  following  may  be  specially  commended  to  tho 
reader's  notice : — 

Hutton^s  Theory  of  the  Earth,  and  Flat/fairs  Illustrations 
of  the  Huttonian  Theory. 
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Bcrope, — ^The  Geology  and  Ertmct  Volcanoes  of  Central 
Prance,  chap.  ix. 

Eamsay. --On  the  Denudation  of  South  Wales  and  the 
adjacent  Counties  of  England.  Memoirs  of  the  Geological 
Survey  of  Great  Britain,  i.  297.  The  Physical  Geology 
and  Geography  of  Great  Britain. 

The  Old  Glaciers  of  Switzerland  and  North  Wales. 

J.  B.  Jukes. — On  the  Mode  of  Formation  of  some  of  the 
Eiver  VaUeys  of  the  South  of  Ireland.  Quart.  Joum.  GeoL 
Soc..,  xviii.  378. 

A.  Geikie. — The  Scenery  of  Scotland  viewed  in  connec- 
tion with  its  Physical  Geology. 

On  the  Phenomena  of  the  Glacial  Drift  of  Scotland. 
Transacts.  G-eol.  Soc.  of  Glasgow,  vol.  i.  part  2. 

Earth  Sculpture.  Nature,  ix.  50.  Transacts.  Edinburgh 
Geol.  Soc.,  ii.  248. 

W,  IVhitaker. — Subaerial  Denudation.  Geol.  Mag.,  i'^- 
327,  447,  483. 

C,  Le  Neve  Foster  and  W.  Tnpley. — On  the  Superficial 
Deposits  of  the  Valley  of  the  !^ledway,  with  Eemarks  on 
the  Denudation  of  Valleys.  Quart.  Joum.  G^oL  Soc., 
xxi.  443. 

W.  Topley. — Notes  on  the  Physical  Geog^phy  of  East 
Yorksliire.     Geol.  Mag.,  iii.  435. 

J.  Geikie. — The  Great  Ice  Age,  chap,  xxi.,  Note  D. 

Prof.  F.  V.  Hay  den. — United  States  Geological  Surveyor 
the  Territoiies.  Profiles,  Sections,  and  other  illustrationfl 
designed  to  accompany  the  final  report  of  the  Chief  Geolo- 
gist of  the  Survey.  New  York,  Julius  Bren,  1872.  (Con- 
tains admirable  instances  of  escar})ment8,  dip-slopes,  tabulflT 
outliers,  and  other  features  residting  from  denudation.) 

Sun  Pictures  of  the  Pocky  Mountains. 

The  reader  wiU  do  well  to  compare  with  the  theory  oi 
surface-sculpture  upheld  in  the  preceding  memoirs,  chapter 
xix.  of  the  late  Prof.  Phillips's  Geology  of  the  Valley  of 
the  Thames.  Elegant  and  ingenious  as  is  the  explanation 
there  put  foi^ward,  there  is  about  it  an  unsatisfactory  vague- 
ness and  want  of  definition,  which  contrasts  strongly  with 
the  sharp  precision  and  logical  coherence  of  the  views  on  tb« 
subject  of  which  a  sketch  has  been  attempted  in  the  ^vf 
ceding  pages,  and  which  are  steadily*  gaining  ground  umoniJ 
modem  geologists. 


CHAPTER  XI. 

IQINAL  FLUIDITY  AND  PRESENT  CONDITION  OF  TES 
INTERIOR  OF  THE  EARTH.  CAUSE  OF  UPHEAVAL 
AND  CONTORTION  ORIGIN  OF  THE  HEAT  RE- 
QUIRED FOR  VOLCANIC  ENERGY  AND  METAMOR- 
FHISM.    REMARKS  ON  SPECULATIVE  GEOLOGY. 

Sit  mihi  £u 
Pandere  ree  alia  terra  ot  calig^e  mersas. 

Yl&GIL. 

SECTION  L— THE  PRESENT  PHYSICAL  CONDITION  OF 

THE  EARTH. 

Fwas  pointed  out  in  the  opening  chapter  that  the  geolo- 
gist's first  business  was  to  make  himself  acquainted 
with  those  portions  of  the  earth  which  he  could  actually 
observe,  or  the  nature  of  which  observations  made  on  the 
surface  woidd  enable  him  to  infer  with  very  triflinc^  risk  of 
error ;  and  that,  until  he  had  mastered  thiis  branch  of  the 
subject,  he  would  not  be  in  a  position  to  speculate  on  the 
character  of  the  inaccessible  interior.  The  time  has  now 
oome  when  we  may  enter  upon  this  fascinating  but,  in  the 
pfresent  state  of  our  knowledge,  somewhat  imsatisfactory 
theme. 

The  subject  is  not  one  of  barren  curiosity.  Till  we  do 
know  what  is  goin^  on  far  down  under  our  feet,  we  can 
only  very  imperfectly  explain  several  things  that  are  hap- 
pening or  are  now  visible  at  the  surface.  We  cannot  say. 
Jot  instance,  where  lies  the  source  of  volcanic  energy,  or 
-whsX  is  the  force  that  has  given  rise  to  folding,  contortion, 
and  faulting.  When  we  reflect  on  the  great  importance  of 
4i  thorough  knowledge  of  faults  to  the  mineiw^  see  that 
«Ten  the  somewhat  abstruse  sx)cculations  in  \Hch  we  are 
«,bout  to  indulge  are  not  without  a  practical  beVing. 

It  is  evident  that  we  can  learn  nothing  by  direct  observa- 
tion about  the  nature  of  the  earth's  mterior.    As  in  all 
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those  cases  where  we  have  to  reason  about  matters  which 
are  beyond  the  grasp  of  our  senses,  we  must  begin  with  an 
hypothesis,  which  may  be  suggested  to  us  by  some  facte  of 
observation,  or  may  be  purely  the  outcome  of  our  own 
mental  ingenuity.  We  then  ascertain  by  deductive  reason- 
ing what  results  would  follow  if  our  hypothesis  were  true. 
Finally,  we  compare  the  consequences  that  follow  from  the 
hypothesis  with  the  observed  facts ;  and  the  probability 
that  our  hypothesis  is  correct  rises  in  proportion  as  the 
points  of  agreement  between  the  two  become  more  numer- 
ous and  exact. 

Now  in  the  case  before  us  the  main  facts  we  can  leam 
from  observation,  which  are  of  use  in  checking  and  esti- 
mating the  probability  of  the  truth  of  any  hypothesis  that 
may  occur  to  us,  are  these — that  the  earth  is  a  spheroid 
of  revolution  very  nearly ;  that  its  mean  density  is  about 
double  the  average  density  of  the  surface  rocks ;  and  that, 
as  far  as  we  have  been  able  to  penetrate,  it  grows  steadilT 
hotter  as  we  go  down,  and  must  therefore  be  constantly 
losing  heat. 

Any  speculations  we  may  indulge  in  about  the  deeply 
seated  regions  of  the  earth  must  be  consistent  with  these 
facts  of  observation ;  but  the  facts  do  not  of  themselveB 
help  us  much  to  an  hypothesis  about  the  nature  of  the 
interior  and  the  process  by  which  its  present  condition  was 
arrived  at. 

Some  such  hypothesis  we  must  have,  and  it  appears  that 
we  must  either  trust  entirely  to  our  own  ingenuity  to 
invent  it,  or  look  beyond  the  earth  for  the  facts  that  are  to 
suggest  it. 

Now  observation  of  cosmical  phenomena  has  suggested 
a  theory  of  the  development  of  the  solar  system  Imown 
as  the  Nebular  Hypothesis,  which,  if  it  can  be  securely 
established,  will  aid  us  materially  in  our  present  inquiryi 
for  it  will  tell  us  what  was  the  state  of  the  earth's  interior 
at  a  very  remote  period,  and  what  changes  it  has  been 
passing  through  since,  and  so  will  enable  us  to  make  veiy 
probable  conjectures  as  to  the  condition  it  has  by  this  tim® 
arrived  at. 

This  hypothesis  was  originally  sketched  out  by  Kant, 
and  was  afterwards  more  fully  developed  by  Laplace. 
The  substance  of  it  is  as  follows. 

There  are  in  the  heavens  faintly  luminous  doudy 
masses  known  as  nebulre,  and  the  spectroscope  has  lately 
revealed  to  us  the  fact  that  some  oi  these  are  bodies  (m 
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glowing  hot  gas,  and  tlie  appearance  of  some  of  them  is  such 
as  would  be  produced  by  rotation  round  an  axis.  As  the  heat 
escapes  from  these  by  radiation  into  space,  they  must  con- 
tract ;  whenever  from  time  to  time  the  shrinking  has  gone  so 
far  that  the  central  attraction  is  no  longer  able  to  overcome 
the  tendency  of  the  outside  portion  to  fly  off,  a  ring  is  sepa- 
rated which  afterwards  collects  together  into  a  baJl.  By  a 
continuation  of  this  process  the  neoula  is  at  last  broken  up 
into  a  number  of  balls,  all  of  which  revolve  round  the  centre 
of  the  original  mass  and  rotate  on  their  axes  in  the  same 
direction,  and  a  central  globe,  which  retains  its  heat  after 
the  balls  have  parted  with  a  large  portion  of  theirs.  In 
a  word,  the  nebula  is  in  this  way  transformed  into  a  group 
of  planets  revolving  round  a  central  sun.  The  theory  which 
supposes  the  solar  system  to  have  originated  in  the  mcomer 
just  sketched  out,  accounts  so  satisfactorily  for  many  of 
the  main  characteristics  of  the  planetary  system,  that  there 
is  a  very  strong  probability  in  favour  of  its  being  true.  But 
for  details  on  this  head  the  reader  must  turn  to  works  on 
astronomy ;  we  have  to  do  with  the  theory  here  only  so  f£ir 
as  it  concerns  the  earth.  According  to  it,  our  globe  was 
originally  an  intensely  heated,  rotating  mass  of  gas,  and  has 
assumed  its  present  form  by  gradual  cooling. 

Our  task,  then,  will  be  first  to  lay  before  the  reader  all 
the  facts  about  the  constitution  of  the  earth  which  can  be 
^thered  from  observations  made  at  or  near  the  surface ; 
secondly,  to  see  how  far  these  facts  fit  in  with  and  confirm 
the  hypothesis  of  the  nebular  origin  of  the  earth ;  and, 
thirdly,  assuming  that  hypothesis  to  be  true,  and  that  the 
earth  was  once  fluid,  to  inquire  if  we  can  form  any  esti- 
mate of  the  state  to  which  the  interior  must  by  this  time 
have  been  brought,  whether  any  portion  still  remains 
fluid,  or  whether  solidification  has  extended  from  surface 
to  centre. 

Sliape  of  the  Earth. — In  order  to  get  a  proper  notion 
[)f  what  is  meant  by  the  shape  of  the  earth,  it  is  necessary 
clearly  to  realise  that  even  iJie  very  largest  inequalities  of 
its  surface,  the  loftiest  mountains  and  the  deepest  oceanic 
iepressions,  are  very  small  indeed  compared  with  the  dis- 
tance from  the  centre  to  the  surface,  and  may  be  altogether 
aeglected  when  we  look  at  our  globe  as  a  whole.  So  small 
are  they,  that,  if  we  could  take  a  journey  into  space  and 
view  the  earth  from  a  moderate  distance,  its  outline  would 
look  as  even  and  regular  as  that  which  the  moon  presents 
tons. 
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In  this  broad  eense  it  is  well  known  that  the  earth  may 
be  readily  proved  to  be  globular  in  shape,  and  that  more 
aociirate  investigations  show  it  to  be  not  an  exact  rohere, 
but  to  be  flattened  like  an  orange.  The  question  of 
the  determination  of  the  exact  flg^ure  of  tlie  earth  has 
engaged  the  attention  of 
many  mathematicians,  and 
they  have  shown  that  the 
form  which  agrees  best 
with  the  observed  mea- 
surements is  that  of  a  solid 
generated  by  the  revolution 
of  a  haK  ellipse,  A  B  h. 
Fig.  135,  about  its  shortest 
diameter,  £  h.  The  name 
given  to  such  a  solid  is  an 
oblate  spheroid;  B  and  h 
are  the  poles,  B  h  the  polar 
axis,  the  circle  described 
by  A  the  equator;  and  if 
C  be  the  middle  point  of 
B  by  A  (7  is  the  equatorial 
radius  or  axis.   In  the  case  „. 

of  the  earth  A  Cis  a,  Httle  ^'^'  ^^' 

short  of  four  thousand  miles,  B  C  between  thirteen  and 
fourteen  miles  less.* 

For  an  account  of  the  methods  used  to  determine  the 
figure  of  the  earth  the  reader  may  refer  to  Lockyer's 
Mementary  Lessons  in  Astronomy,  chap.  viii. ;  Aitf^ 
Ipswich  Lectures,  pp.  36 — 51  ;  Encyclopaedia  MetropoH- 
tana.  Art.  ^*  Figure  of  the  Earth; "  Baily,  Astronom.  See. 
Memoirs,  vol.  viii.  ;  Sir  H.  James,  Phil.  Trans.,  1856  (toI 
cxlvi.),  p.  607 ;  Comparisons  of  Standards  of  Length, 
Ordnance  Survey  of  Gh'eat  Britain,  Appendix;  Arid. 
Pratt,  a  Treatise  on  the  Figure  of  the  EarUi,  4th  ed. 

Mean  Density  of  the  Earth. — The  weight  of  the 
whole  earth  has  been  determined  by  several  physical  and 

a  sammary  of  their  views  i^ 
Nature,  X.  160.  Archdeacon  Pr*^ 
has  thrown  great  douhts  ontl^^ 
necessity  for  such  a  supporiUo* 
(see  Figure  of  the  Earth,  4th  ed^ 
181).  Sir  W.  Thomson  support* 
it,  Natural  Philosophy,  Arts.  796- 
797. 


*  Some  geometers  have  thought 
that  the  results  of  observation  can 
be  best  reconciled  by  supposing 
that  the  earth  is  not  exactly  a 
solid  of  revolution,  and  that  the 
equator  is  not  a  circle  but  an 
ellipse  whose  longest  diameter  is 
between  one  and  two  miles  loE^er 
than  the  shortest  diameter.     For 
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astronomical  considerations,  and  it  has  been  found  that  our 
globe  weighs  between  five  and  six  times  as  much  as  an 
eqtud  bulk  of  water.  We  express  this  by  saying  that  the 
mean  density  of  the  earth  is  between  5  and  6.  The  rocks 
of  the  crust  are  on  an  average  about  two  and  a  half  times 
as  heavy  as  wat«r,  so  that  the  rate  of  the  mean  density 
of  the  crust  to  the  mean  density  of  the  whole  earth  lies  be- 
tween 5  to  10  and  5  to  12,  or  may  be  put  at  5  to  11.  It 
follows  from  this  that  the  interior  of  the  earth  must  con- 
tain matter  far  denser  than  that  which  forms  the  crust. 

"We  know  nothing  for  certain  about  the  way  in  which 
the  materials  of  the  earth  are  arranged,  but  an  expres- 
sion, due  to  Laplace,  which  will  be  given  further  on,  repre- 
sents veiy  probably  the  law  of  the  density  of  the  interior. 
II  we  employ  this  expression  to  calculate  the  probable 
density  at  different  depths,  we  shall  fiud,  taking  the 
density  of  the  surface  to  be  2*5 — 
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The  densities  of  the  principal  metals  are^Gold,  19*3; 
liMid,  11*3 ;  Silver,  10*5 ;  Iron,  7-8 ;  so  that  the  density  half 
^waj  down  is  about  that  of  Iron,  the  density  at  the  centre 
less  than  that  of  Silver. 

Two  explanations  have  been  offered  to  account  for  the  high 
^nean  density  of  the  earth.  It  has  been  suggested  that,  mr 
clown  below  the  surface,  the  enormous  wei^t  of  the  over- 
lying rocks  would  alone  suffice  to  compress  the  material  of 
tlie  interior,  and  make  it  as  dense  as  observation  shows  it 
to  l>e.  It  is,  however,  an  open  question  how  far  we  can  go 
cm  increasing  the  density  of  bodies  by  increasing  the  pres- 
sure to  which  they  are  subjected.  Experiments,  as  far  as 
"they  have  gone,  seem  to  show  that,  as  the  pressure  is  in- 
creased, the  density  increases,  but  at  a  rate  that  constantly 
^rowB  less  and  less.  It  is  therefore  possible  that  the 
effect  of  additional  pressure  in  rendering  a  body  more 
4ense  may  become  less  and  less  till  a  point  of  approximate 
Hiaxiinum  density  is  reached,  and  that  beyond  that  no  in- 
c^rease  in  the  pressure  will  add  sensibly  to  the  density. 
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Those  wLo  hold  this  view  account  for  the  high  mean 
density  of  the  earth  by  supposing  that  the  interior  contains 
a  much  larger  percentage  of  heavy  metals  than  the  crust 

On  the  subject  of  the  earth's  density  the  reader  maj 
consult  Lockyer*s  Elementary  Lessons  in  Astronomy, 
Arts.  634 — 637 ;  Airy's  Ipswich  Lectures,  pp.  206— 
214;  Maskelyne,  Phil.  Trans.,  1775,  p.  500;  Cavendish, 
Phil.  Trans.,  1798,  p.  469;  Baily,  Astronom.  Soc.  Monthly 
Notices,  iv.,  96;  Phil.  Mag.,  xxi.  (1842),  111;  Sir  H. 
James,  Phil.  Trans.,  1856,  p.  591. 

Internal  Temperature  of  the  Earth. — ^The  tempera- 
ture of  the  surface  of  the  earth  varies  according  to  the  time 
of  day  and  the  seasons ;  as  we  descend  below  the  surface, 
we  find  the  oscillations  due  to  these  causes  to  grow  lees  and 
less,  and  at  last  we  reach  a  point  where  they  cease  to  make 
themselves  felt,  and  the  temperature  of  the  rock  is  p^a^ 
tically  constant.  A  surface  passing  through  all  the  points 
thus  determined  is  called  the  stratum  of  invariahU  tmpfn- 
ture ;  its  depth  increases,  on  the  whole,  from  the  equator 
to  the  poles,  but  many  local  variations  are  caused  by  ci^ 
cumstances  such  as  unequal  conducting  power  of  the  sur- 
face rock,  and  for  this  reason  the  depti  of  the  invariable 
stratum  does  not  follow  any  fixed  law  from  place  to  place. 
At  Greenwich  it  is  found  at  a  depth  of  50  feet,  ana  the 
temperature  of  the  earth  is  there  49*5°  Fah.,  or  one 
degree  higher  than  the  mean  temperature  of  the  air. 

When  we  pass  below  the  stratum  of  invariable  tempera- 
ture, it  has  been  found,  wherever  observations  have  oeen 
made,  that  the  deeper  we  go  the  hotter  does  the  earth  be- 
come. The  rate  of  increase  determined  in  various  cases 
varies  between  very  wide  limits,  perhaps  about  1®  Fab. 
for  every  60  feet  of  descent  will  be  about  the  average  of  all 
the  observed  rates.  The  depth  of  the  deepest  point  whose 
temperature  has  been  noted  falls  considerably  short  of  a 
mile,  and  observation  therefore  merely  justifies  us  in  say- 
ing that,  for  the  moderate  depths  to  which  we  have  been 
able  to  penetrate,  the  temperature  increases  as  we  descend- 

The  reader  may  refer  for  details  to  Phillips,  PhiL  Mag» 
V.  446  (1834);  Forbes,  Trans.  Royal  Soc.  of  Edinburgh, 
xvi.  189  (1846) ;  Angstrom,  Upsala  Nov.  Act.  Soc.  Sd.,  i- 
147  (1851);  Hopkins,  Phil.  Trans.,  1857,  p.  805;  Hull, 
Proceed.  Royal  Soc.,  xviii.  175  (1870),  Quart.  Journ. 
Sci.,  V.  14  (1868);  Reports  of  the  British  Association 
Committee  on  Underground  Temperature,  1868 — 1872; 
Sir  W.  Thomson,  Trans.  Royal  Soc.  of  Edinburgh,  xxil 
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405  (1860);  J.D.Everett,  ibid.,  xxii.  429  (1861),  xxiii. 
21  (1861),  Edinburgh  New  Phil.  Joum.,  xiv.  19  (186n, 
Heports  of  British  Assoc.,  1859,  Trans.  Sect.,  245;  Sil- 
liman's  Journal,  xxxv.  17  (1863),  Proceed.  Belfast  Nat. 
Hist,  and  Phil.  Soc.,  1873—1874,  p.  41  ;  Greenwich 
Observations,  1860,  p.  cxciii. 

Znferences  from  the  foregoing  Facts. — Such  being 
the  facts  we  gather  from  observations  at  the  surface,  we 
have  next  to  see  how  far  they  are  in  accordance  with  the 
hypothesis  that  the  earth  has  assumed  its  present  condition 
by  cooling  down  from  an  intensely  heated  gaseous  or  fluid 
state. 

It  is  of  course  open  to  any  one  to  maintain  that  the  earth 

came  into  being  just  as  it  is  now,  with  the  exception  of 

those  surface  modifications  which  geology  shows  have  been 

for  a  long  time  and  are  now  going  on ;  but  the  supporters 

of  such  a  view,  if  there  be  any,  will  have  to  get  over  several 

veiy  ugly  objections.  First,  with  regard  to  temperature,  has 

it  always  been  the  same  as  now  ?    In  that  case,  since  heat 

is  constantly  passing  away  by  radiation,  there  must  be  some 

means  of  making  good  the  loss,  and  keeping  the  interior  at 

a  constant  temperature.     No  adequate  means  of  brinfi;ing 

about  this  adjustment  has  yet  been  suggested.    But  if  we 

suppose  that  the  earth  was  once  far  more  highly  heated 

than  now,  we  can  understand  that  the  inside  must  be  hotter 

than  the  surface,  because  the  heat  passes  off  from  the  latter 

by  radiation,  and  from  the  former  by  conduction  through 

materials  of  very  low  conducting  power.     The  only  reason* 

able  explanation,  then,  which  has  been  offered  of  the  cause 

of  internal  heat  is,  that  the  earth  is,  and  always  has  been« 

a  cooling  globe,  which  is  exactly  what  the  nebular  hypo- 

fhesis  supposes  to  be  the  case. 

Again,  with  regard  to  shape.  If  any  hold  that  the  pre- 
sent figure  is  original,  they  are  bound  to  give  reasons  why 
it  is  a  spheroid  and  not  a  sphere,  and  why,  of  the  innumer- 
able spheroids  x)os8ible,  a  particular  one  has  been  chosen 
rather  than  any  other.  No  possible  reason  can  be  assigned 
for  the  preference ;  we  can  see  no  useful  end  that  was  to  be 
served  by  giving  the  earth  exactly  its  present  ellipticity,  or 
any  possible  harm  that  would  result  from  its  being  more  or 
lees  elliptical.  But  we  can  show  that  all  these  peculiarities 
of  shape  would  probably  follow  as  a  matter  of  course,  if  the 
earth  has  consoudated  from  a  fluid  state. 

For  those  who  wish  to  know  the  grounds  on  which  this 
statement  is  based,  we  offer  a  short  outline  of  the  steps  by 
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which  mathematicianfi  have  been  able  to  prove  this  pond. 
If  a  mass  of  heterogeneous  fluid,  acted  on  by  no  foice 
besides  the  mutual  attraction  of  its  particles  £uxx>iding  to 
the  law  of  gravity,  rotates  about  an  axis,  the  following  re- 
sults have  been  arrived  at  respecting  its  shape  and  intmal 
constitution. 

(1)  The  external  form  is  an  oblate  spheroid,  whose  ws 
is  that  of  rotation. 

(2)  If  a  surface  passing  through  all  the  points  wheie  the 
density  is  the  same  be  called  a  surface  of  equal  deoaty, 
then  adl  these  surfaces  are  concentric  spheroids,  haviig  ^6 
axis  of  rotation  for  a  common  axis.  The  ellipticities  of  the 
surfaces  of  equal  density  decrease  from  the  surface  tovaids 
the  centre. 

(3)  Surfaces  of  equal  density  are  iJso  surfaces  of  equal 
pressure. 

(4)  The  density  increases  along  any  straight  line  fwo 
the  surface  to  the  centre. 

Now  in  order  to  apply  these  results  to  decide  whether  it 
is  probable  that  the  earth's  present  shape  is  due  to  conse- 
lidation  from  a  fluid  state,  we  must  do  this.    "Wemuit 
take  a  body  of  fluid  having  the  same  mass  and  volume  ani 
rotating  in  the  same  time  as  the  earth,  calculate  what  vouli 
be  its  ellipticity,  and  see  whether  it  comes  out  the  same  w 
the  observed  ellipticity  of  the  earth.     The  actual  process, 
however,   is  one  of  great  difficulty  and  complexity,    ^^e 
could  determine  the  ellipticity  of  the  surface  if  we  biew 
the  law  connecting  the  density  at  any  point,  and  the  dis- 
tance of  that  point  from  the  centre.     The  density  at  any 
point  will  depend  upon  three  things,  the  material  of  which 
the  earth  is  composed  at  that  point,  and  the  temperature 
and  pressure  at  that  point.    We  know  none  of  these  three, 
and,  if  we  knew  them  aU,  we  should  not  be  much  better  off, 
for  we  are  unable  to  say  what  density  a  given  temperature 
and  pressure  would  produce  in  a  given  material ;  we  could 
say  that  temperature  would  tend  to  decrease  and  pres- 
sure to  increase  the  density,  but  not  to  what  extent.    We 
are  therefore  obliged  to  assume  some  law  of  density,  and 
see  whether  the  results  that  follow  from  our  assumption 
agree  with  those  of  observation.     Laplace  assumed  that 
the  law  connecting  the  density  and  pressure  within  the 
earth  was  such,  that  the  increase  in  pressure  varies  as  the 
increase  in  the  square  of  the  density.     In  the  case  of  a 
perfect  fluid,  that  is  a  fluid  in  which  there  is  no  friction 
between  the  particles,  the  density  is  proportional  to  the 
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pressure,  or  double  the  pressure  and  you  double  the  den- 
sity ;  while  with  Laplace's  law,  to  double  the  density  the 
pressure  must  be  increased  more  than  fourfold.  There  is 
an  d  priori  probability  in  favour  of  such  an  assumption. 
The  material  of  the  earth,  when  it  assumed  its  present  farm, 
had  probably  so  far  cooled  down  as  to  be  pasty  and  yis- 
eouBy  so  that  there  would  be  a  good  deal  of  friction  between 
the  particles,  and  therefore  l£e  force  necessary  to  bring 
ihem  closer  together  would  be  greater  than  in  the  case  of 
a  perfect  fluid.  This  assumption  led  to  the  following  result. 
If  we  denote  by  Da  the  density  at  every  point  on  a  surface 
of  equal  density  whose  semi-axis  is  a,  tiien 

A 
Da  =  -  an.  (qa).  (1). 

where  A  and  q  are  constants,  that  is  the  same  for  all  sur- 
iacea  of  equal  density. 

We  have  next  to  determine  the  numerical  values  of  A 
and  q;  and  this  we  do  in  the  following  way.  If  r  repre- 
sents the  polar  radius  of  the  earth,  we  obtain  the  expression 
for  the  density  at  the  surface  by  substituting  r  for  a  in 
equation  (l)i  or 

Btirface  Density  =  — •  rin  (gr). 

Observation  shows  that  the  surface  density  is  about  2.5, 
flo  that 

—  sin  {qr)  =  2*6. 

Again,  we  can  by  a  little  calculation,  frame  from  the 
general  formula  (1)  an  expression  for  the  mean  density  in 
terms  of  A  and  q  ;  this  we  equate  to  the  value  of  the  mean 
density  obtained  from  observation.  Thus  we  arrive  at  two 
equations,  from  which  the  numerical  values  of  A  and  q 
are  determined. 

Further  f  ormulsB,  which  are  too  complicated  to  be  intro- 
duced here,  give  the  eccentricity  in  terms  of  A  and  q;  and 
2LOW  that  we  know  the  values  of  these  quantities,  we  can 
determine  the  value  of  the  eccentricity  which  follows  from 
Xiaplace's  assumption,  and  see  if  it  agrees  with  the  observed 
iraliie.  When  the  calculations  are  made,  the  value  obtained 
:from  theoiy  is  found  to  be  almost  exactly  the  same  as  the 
^values  given  by  several  independent  methods  of  observation. 

As  a  further  check  on  the  correctness  of  the  assumed 
Xaw  of  density,  we  may  determine  what  results  it  leads  to 
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iflsnined  on  consolidation  will  be  an  oblate  spberoid  baying 
the  axis  of  rotation  for  its  geometrical  axis.  The  earth  has, 
ire  have  seen,  this  shape.  If  we  make  the  further  assmnp- 
ion  that  the  matter  in  consolidating  arranged  itself  accord- 
ng  to  the  law  of  density  adopted  by  Laplace,  we  find  that 
iie  calcidated  yalues  of  the  ellipticity,  of  the  variation  ol 
^vity  over  its  surface,  and  of  the  amount  of  precession, 
xnne  out  almost  exactly  the  same  as  those  obtained  from 
>1>66rvation. 

The  question  then  arises,  do  these  coincidences  warrant 
ihe  conclusion  that  our  two  assumptions  are  necessarily 
arue  ?  They  obviously  do  not,  unless  we  can  show  that  no 
yther  hypothesis  leadJs  to  an  equally  dose  agreement  be- 
;ween  the  results  of  theoiy  and  observation. 

"We  might  at  first  sight  be  inclined  to  think  that  each 
idditional  coincidence  was  an  additional  argument  in 
^▼our  of  the  truth  of  our  assumptions.  But  it  is 
lot  so.  Curiously  enough  it  turns  out  that  the  varia- 
ion  of  gravity  and  the  amount  of  precession  will  remain 
he  same,  whatever  be  the  law  that  governs  the  density 
►f  the  interior,  provided  only  that  the  external  surface 
tf  the  earth  is  a  surface  of  equilibrium.  Our  earth 
s  bounded  by  a  surface  of  equilibrium,  and  henoe 
lie  surface  variations  of  gravity  and  the  precession  tell  ua 
loihing  about  the  law  of  density  that  obtains  in  the  interior ; 
hey  would  remain  exactly  what  they  are  even  if  the  density 
oUowed  a  law  different  from  that  assumed  by  Laplace, 
nd  really  the  coincidences  which  obtain  in  their  case  be- 
vreen  the  theoretical  and  observed  values,  add  nothing  to 
he  evidence  in  favour  of  Laplace's  assumption.  We  are 
lieref ore  thrown  back  on  the  eccentricity,  and  here  there 
I  the  obvious  objection  that,  though  the  fluid  hypothesis 
oes  lead  to  a  value  the  same  as  the  actual  one,  it  is  yet 
erfectly  conceivable  that  an  equally  satisfactoiy  theory 
li^ht  be  devised,  which  would  account  for  the  earth's 
reeent  shape  in  some  other  way.  But  till  some  one  shall 
oint  out  what  that  other  way  was,  and  by  what  machinery 
;  produced  the  earth's  present  shape,  we  are  bound  to 
x>K  favourably  on  the*fluid  theory,  because  it  does  supply 
jB  with  a  definite  mechanical  process  perfectly  capable  of 
ffecting  the  observed  result. 

To  tms  recapitulation  we  may  add,  that  it  is  worthy  also 
I  note,  that  whatever  the  law  of  the  internal  density,  it 
»  necessary  that  the  external  shape  of  the  earth  should  be 
hat  which  a  rotating  mass  of  fluid  assimies,  or  we  should 
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not  h&ve  the  requisite  agreement  between  oalcsaklin  and 
observation.  This  fact  constitutes  an  anteeedeoct  proU- 
bility  that  original  fluidity  has  been  the  cause  of  tiie  mMi 
figure. 

We  may  fairly  siiy  then,  that  the  hypotheos  of  the 
original  fluidity  of  the  earth  is  the  only  hypotiiceii  yet 
prox>ounded  which  furnishes  a  satisfactory  explanatkm  of 
the  origin  of  the  earth's  figure,  and  that,  till  some  better 
explanation  is  offered,  we  are  bound  to  accept  it  as  a  bi^ilT 
probable  provisional  theory. 

It  is  also  in  its  favour  that  it  does  not  stand  on  itB  ovn 
legs  only,  but  is  really  part  and  parcel  of  the  far  wider 
Nebular  Hypothesis,  on  behalf  of  which  independent  Hgu- 
ments  might  be  urged. 

Faresent  State  of  the  Earth's  Interior. — Seeing.  flieD, 
that  it  is  likeLy  that  the  earth  was  once  wholly  fluid,  ow 
next  inquiry  will  be  whether  any  part  of  it  is  still  in  tliat 
state,  and,  if  so,  how  much  ? 

Doctrine  of  a  Thin  Crnst. — A  veiy  off-hand  sohitioD 
of  this  question  was  at  one  time  thought  sufficient.  It  liad 
been  found  that  for  small  distances  below  the  surface  the 
earth  grew  hotter  the  deeper  we  got  into  it ;  and  if  the 
heat  went  on  increasing  at  the  same  rate,  it  was  easy  to  see 
that  at  points  not  very  remote  from  the  surface  a  tempeaft- 
ture  must  exist  which  would  be  quite  sufficient  tU  tim- 
spheric  pressure  to  melt  the  most  refractory  substances.  It 
was  therefore  maintained  that  the  interior  of  the  earth 
must  be  necessarily  in  a  state  of  fusion,  and  that  the  only 
supposition  reconcilable  with  the  known  increase  of  heat 
downwards  was  that  there  was  an  outside  solid  crust  not 
many  miles  thick,  while  below  that  the  earth  consisted  of 
melted  matter  down  to  its  centre.  To  explain  this  state  of 
things,  it  was  supposed  that  the  solidification  of  the  earth 
began  at  the  outside,  spread  slowly  downwards,  and  had 
not  yet  extended  to  any  great  depth.  It  was  believed  that 
volcanoes  drew  their  lava  from  the  great  internal  reservoir 
of  molten  matter,  and  that  the  phenomena  of  upheaval  and 
the  displacements  of  the  stratified,  roc^ks  were  caused  by 
upswellings  of  portions  of  the  seething  mass.* 

The  doctrine  that  the  earth  consists  of  a  thin  crust  and  a 
molten  interior  was  at  one  time  ver^  generally  accepted, 
and  it  is  by  no  means  certain  yet  that  it  is  altogether  false. 
It  has,  however,  been  opposed  on  various  g^unds,  and 

♦  For  a  summary  of  these  views  Joum.,  Jan.,  1828,  p.  273  ;  Parii 
see  Gordier,  Edinburgh  New  Phil.      Mem.  Acad.  Sd.,  vu.  473  (1827). 
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lome  of  the  objections,  it  must  be  allowed,  have  oon- 
iderable  weight.  It  is  easy  to  see  that  the  arguments  by 
rhich  it  was  origmaUy  supported  did  not  take  into  account 
ereral  considerations,  whidi,  it  is  possible,  might  modify 
ts  oondusions  veiy  seriously;  and  other  objections  have 
leen  raised  to  it  on  mechanical  grounds.  We  must  now 
anaider  the  arg^uments  of  those  who  oppose  this  view. 

In  the  first  place,  the  doctrine  of  a  thin  crust  inyolyes 
he  assumption  that  the  temperature  continues  to  increase 

0  all  depths  at  the  same  rate  as  had  been  observed  near 
he  surface.  Sir  W.  Thomson  has  shown  that  it  is  perfectly 
K>68ible  that  this  may  not  be  the  case.  He  inclines  to  the 
»elief  that  the  temperature  would  increase  at  the  rate  of 
*  Fah.  for  every  51  feet  down  to  a  depth  of  100,000 
eet  or  so,  but  that  below  that  depth  the  rate  of  increase 
ter  foot  would  begin  to  diminish  sensibly.  At  400,000 
eet  the  rate  would  be  1°  for  141  feet;  at  800,000,  1«>  for 
1,550  feet,  and  so  on  in  a  rapidly  diminishing  ratio.  Such, 
le  thinks,  is  the  probable  representation  of  the  earth's 
vesent  temperature  down  to  100  miles,  below  which  the 
rhole  mass  is,  whether  liquid  or  solid,  probably  at,  or 
learly  at,  the  proper  melting  point  for  the  pressure  at  each 
lepth.  Sir  W.  Thomson  has  assumed  in  this  investigation 
hat  no  crust  would  be  formed  tiU  the  whole  earth  had 
ooled  to  a  uniform  temperature  of  7,000^  Fah.  (which  he 
akes  to  be  about  the  average  melting  point  of  rock),  that 

1  to  say,  till  the  whole  earth  was  just  on  the  point  of  solidi- 
ication.  This  and  some  other  assumptions  perhaps  detract 
rom  the  value  of  the  result,  still  the  investigation  is  of 
;reat  importance,  as  showing  the  possibility  of  a  state  of 
lungs  very  different  from  that  implied  by  the  doctrine  of  a 
Ilin  crust.* 

Another  oversight  was  committed  in  not  taking  into 
ooount  the  possible  effects  of  pressure.  Even  supposing 
he  surface  rate  of  increase  of  temperature  to  be  continued 
J  all  depths,  yet  pressure  would  increase  at  the  same  time, 
nd  it  is  perfectly  x)08sible  that,  under  great  pressure,  sub- 
tances  may  remain  solid  at  temperatures  far  higher  than 
prould  suffice  to  melt  them  at  the  surface.  If  the  power  of 
pressure  to  keep  bodies  solid  be  greater  than  the  j)ower  of 
leat  to  melt  them,  the  earth  might  be  solid  to  the  core 
lyen  though  the  surface  rate  of  increase  of  temperature 
hould  be  kept  up  to  the  centre. 

*  Transact.  Royal  Soc.  of  Thomson  and  Tait,  Natural  Phi<- 
Sdinbnrgh,  zxiii.  part  i.  p.  167 ;      loaophy,  p.  689. 
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Unfortunately  we  know  next  to  nothing  about  tiie  rela- 
tion between  the  fusing  point  of  rocks  and  the  pressure 
they  are  subjected  to ;  but,  as  this  is  a  question  which 
will  come  before  us  again  before  long,  we  will  give  here 
what  little  can  be  said  on  the  subject.  It  seems  d  prim 
likely  that,  if  a  body  expands  in  melting,  the  fusing  point 
will  be  raised  by  pressure ;  for  the  greater  the  pressure 
the  greater  will  be  the  amount  of  energy  required  to  force 
its  molecules  apart.  Experiments  have  to  a  certain  degree 
confirmed  this  inference,  as  will  be  seen  from  the  result 
of  Mr.  Hopkins's  investigations  given  in  the  following 
table : — * 


Pressare  in  lbs 
to  the  sq.  inch. 

FofdngDointB 
BpermaoetL 

FuaiDg  points 

of 

Wax. 

Foangpoints 
Steele. 

Foangpointi 
Sulphur* 

Atmoepheric. 
7,790 
11,880 

124' 
140' 
176-6' 

148-6' 
166-6' 
176-6' 

138' 
156' 
166' 

226' 

276-6' 

286" 

On  the  other  hand,  in  some  metallic  alloys  Mr.  Hopkins 
failed  to  detect  any  elevation  of  the  melting  point  by 
increased  pressure.  Mr.  David  Forbes  has  eSso  pointed 
out  that,  in  the  case  of  Sulphur,  the  elevation  of  the  fusing 
point  goes  on  at  a  diminishing  rate  as  the  pressure  in- 
creases ;  thus,  between  atmospheric  pressure  and  that  of 
7,790  lbs.  to  the  inch,  it  takes  an  increase  of  141  lbs.  to 
the  inch  to  raise  the  fusing  point  one  degree,  but  between 
7,790  lbs.  and  11,880  lbs.  to  the  inch,  it  takes  an  increase 
of  409  lbs.  to  the  inch  to  produce  the  same  elevation ;  and 
he  has  suggested  that,  just  as  there  is  probably  a  point 
beyond  which  addition  of  pressure  does  not  make  a  body 
denser,  so  there  may  be  a  similar  limit  beyond  which  the 
fusing  point  of  a  body  is  not  raised  by  increased  pressure.! 
The  remainder  of  the  experiments  do  not  confirm  this 
notion,  for  the  tendency  in  Spermaceti  is  decidedly,  and  in 
Wax  and  Stearine  slightly,  in  the  opposite  direction ;  but 
perhaps  we  can  hardly  reason  from  such  easily  fiisible 
substances  as  to  the  properties  of  the  more  intractable 
materials  of  the  earth.  One  thing,  however,  we  may  safely 
say.  Supposing  that  at  great  depths  below  the  earth's  sur- 
face there  is  heat  tending  to  produce  and  pressure  tending 

•  Report  of  British  A  ssoc,  1864,  t  Chemical  News,  October  4th, 

Transact,  of  Sections,  p.  67.  1867. 
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to  prerent  fusion,  our  knowledge  is  not  sufficient  to  enable 
OB  to  saj  which,  at  any  given  point,  will  prevaiL 

We  are  equally  in  the  dark  as  to  the  effect  of  high  tem- 
perature in  altering  the  conducting  power  and  specie  heat 
of  rocks. 

Again,  if  we  are  to  have  a  thin  crust  and  a  molten  in- 
ferior, the  solidification  of  the  earth  must  have  begun  at  the 
surface ;  but  we  do  not  know  that  this  was  the  case,  it  may 
have  begun  at  the  centre. 

Whether  solidification  begins  at  the  surface  or  at  the 
centre,  will  depend  on  that  relation  between  fusing  point 
and  pressure  about  which  we  are  imluckily  ignorant.  If, 
during  the  time  when  the  earth  still  retained  a  consider- 
able degree  of  fluidity,  portions  of  the  outside  became 
solid,  or  increased  in  density  owing  to  loss  of  heat  by 
radiation,  they  would  sink  down  into  the  still  fluid  mass 
below.  If,  as  they  approached  the  centre,  the  increased 
pressure  had  a  greater  eflect  in  preventing  them  from 
being  fused  than  the  increased  temperature  had  in  pro- 
moting their  fusion,  they  would  retain  their  solidity,  and 
thus  a  solid  nucleus  would  accumulate  roimd  the  centre. 
This  process  woidd  go  on  till  the  fluid  portion  had  so  far 
coolea  down  that  it  was  too  pasty  to  allow  of  any  hardened 

Sortions  of  the  surface  sinking  through  it.  The  external  half- 
uid  shell  would  then  begin  to  cool  by  conduction,  the  super- 
fuAel  part  would  part  with  its  heat  most  rapidly,  and,  smce 
sone  of  it  could  descend,  an  external  crust  would  be  formed. 
Jn.  this  way  we  might  arrive  at  an  earth  with  a  solid 
crust  and  a  solid  nucleus,  and  a  shell  of  imperfectly  fluid 
matter  between.  The  gradual  loss  of  heat  by  conduc- 
tion might  subsequently  cause  the  intermediate  shell  to 
solidify,  and  the  earth  might  thus  become  solid  from  sur- 
face to  centre. 

If,  on  the  other  hand,  the  influence  of  pressure  in  pre- 
senting fusion  were  less  powerful  than  that  of  temperature 
In  promoting  it,  the  portions  solidified  at  the  surface  would 
l)e  again  melted  as  they  sank,  and  the  earth  would  be  kept 
ifluid  throughout,  till  it  reached  the  pasty  state,  when  an 
external  crust  would  begin  to  be  formed.  But  even  in  this 
^*ase  we  should  not  be  able  to  say  what  is  the  present 
'thickness  of  the  crust  unless  we  Imew  the  original  tem- 
perature, the  time  elapsed  since  it  began  to  be  formed,  the 
^ate  of  cooling,  and  sundry  other  things,  about  all  of  which 
'^ve  are  hopelessly  in  the  dark.  It  is  perfectly  possible  that 
tChe  crust  may  not  yet  have  attained  any  great  thickness. 
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I  is  the  character  of  the  path  actually  deBoribed  bj 
>  extremity  of  the  earth's  axis  in  space.  It  ia  important 
note  that  these  moyements  are  due  entirely  to  the 
leroidal  shape  of  the  earth,  and  would  not  exist  if  it 
re  a  true  sphere.  In  Fig.  136,  let  A  JB  C  J)  he  &  sec- 
1  of  the  earth  through  its  axis,  AE  C F^l  drde  whose 
meter  is  the  polar  axis ;  then,  if  we  were  to  take  away 
I  protuberant  portions  of  which  A  B  CE,  AD  CF  are 
tions,  there  would  be  no  precession ;  if  we  were  to  take 
ay  the  sphere  A  E  C  F  the  precession  would  be  very 
fOk  lareer  than  it  actually  ia,  because-  the  sphere 
E  C  Ft  being  rigidly  attached  to  the  protuberances,  has 


Fig.  1S6. 

>e  carried  round  with  them,  and  acts  as  a  drag,  preyent- 

ihem  from  moving  as  fast  as  they  would  if  they  were 

thus  weighted.    iNow  suppose  that  a  portion,  O  HKLj 

iie  central  sphere  is  replaced  by  a  mass  of  perfect  fluid, 

action  of  the  sun  and  moon  unll  not  produce  any  pre- 

lional  movement  on  this  fluid,  and^  as  there  will  be  no 

Aion  between  it  and  the  external  shell,  the  latter  will 

\  freely  over  it.     Under  these  circumstances  it  seems 

ily  that  the  amount  of  precession  would  be  larger  than 

an  earth  solid  throughout.     Now  the  amount  of  pre- 

don  calculated  on  the  hypothesis  that  the  earth  is  solid 

«es  veiy  closely  with  the  observed  amount,  and  Mr. 

set  himself   to  work  to  determine  how  much 

E  K 
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of  the  interior  could  become  fluid  without  impairing  this 
agreement.  On  the  supposition  that  the  fluidity  wm  ferftd, 
and  the  change  from  the  fluid  to  the  solid  part  abrupt ^  he  found 
that  the  thickiess  of  the  crust  could  not  be  less  than  one- 
fourth  or  one-fifth  of  the  radius.* 

Axgument  from  Bigidity. — ^The  subject  may  also  be 
approached  in  another  way.  The  attractions  of  the  sun 
and  moon  are  greater  on  those  parts  of  the  earth  that  are 
nearer  to  them  than  on  those  which  are  farther  off;  the 
solid  part  of  the  earth  is  for  this  reason  subjected  to  un- 
equal pull,  which  keeps  it  in  a  constant  state  of  strain.  The 
same  attractions  will  also  tend  to  make  the  internal  fluid 
portion  bulge  out  on  the  side  nearest  the  attracting  l)odj, 
and  exert  a  pressure  on  the  external  shell  tending  to  stretch 
the  latter.  We  may  tiy  to  determine  what  is  the  least  thick- 
ness which  will  enable  the  crust  of  the  earth  to  bear  thifi 
strain  and  thrust,  and  prevent  its  being  dragg^  or  forced 
out  of  shape.     This  problem  has  been  attacked  by  Sir  W. 

Thomson,  f 

He  supposes  the  earth  to  consist  of  a  spheroidal,  homo- 
geneous, slightly  elastic  shell,  filled  with  incompressible  fluid, 
the  transition  &om  the  solid  to  the  fluid  portions  being 
abrupt ;  and  on  this  hypothesis  he  has  calculated  to  what 
extent  the  shell  would  be  pulled  out  by  the  disturbing 
actions  of  the  sun  and  moon. 

It  is  not  likely  that  the  amount  of  distortion  would  be 
large  enough  to  be  capable  of  detection  by  direct  measure- 
ment, but  it  might  make  itself  sensible  by  its  effect  on  the 
tides.  If  the  crust  is  drawn  up  in  the  same  direction  as  the 
water — ^that  is,  if  there  are  tides  in  the  solid  part  of  the  earth 
as  well  as  in  the  ocean — the  height  of  the  tide  can  be  shown 
to  be  less  than  if  the  earth  were  perfectly  rigid ;  so  that  if 
we  knew  what  would  be  the  height  of  the  tide  on  the  latter 
supposition  at  a  given  spot,  and  find  the  observed  height 
to  be  less  than  this,  we  have  a  measure  of  the  extent  to 
which  the  solid  part  of  the  earth  has  been  pulled  out  by  the 
tide-generating  influence.  Now  Sir  W.  Thomson  showed 
that,  even  if  the  spheroid  were  solid  throughout  and  as 
rigid  as  glass,  it  would  still  give  way  to  an  extent,  which 

*  Phil.  Transact,  1839,  p.  381 ;  British  Association,  1857,  Traitf- 

1840,  p.   193;    1842,  p.  43;  Be-  act.  of  Sections,  p.  70. 

port    to  British  Association   on  f  Phil.  Transact.,  diii.  (1863), 

Elevation  and  Earthquakes,  1847,  573 ;   Natural  Philosophy,  sects. 

p.  45—55;    Transact,  of  Cam-  832—834,  847,  848;    Mature,  t. 

ridKe  Phil.  Soc,  vol.  Ti.  part  i. ;  223,  257. 
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ould  make  the  tides  only  about  two-fifths  as  great  as  they 
ould  be  if  the  earth  were  perfectly  rigid ;  if  the  rigiditj* 
ere  that  of  steel,  the  corresponding  reduction  would  be  to 
x>ut  two-thirds.  He  concludes  that  a  thin  crust  could  not 
Msess  the  requisite  amount  of  rigidity,  and  puts  down  the 
iTiiTniim  thickness  that  would  suffice  to  resist  the  distorting 
£aence  at  2,000  or  2,500  miles.  But  he  goes  on  to  say 
lat  the  distribution  of  land  and  water  alters  the  effects  of 
le  diurnal  and  semi-diurnal  tides  to  an  extent  which  no 
aihematical  analysis  can  estimate,  and  that  we  cannot 
lerefore  use  any  deyiations  which  they  show  from  their 
Iculated  amount  as  measures  of  the  earth's  want  of  ri- 
dity ;  at  the  same  time  he  thinks  it  veiy  unlikely  that  these 
rrestrial  disturbing  causes  can  reduce  these  tides  to  two- 
ffchs  or  two-thirds  of  the  height  they  ought  to  have  if  the 
urth  were  perfectly  rigid.  He  thinks,  however,  that  the 
nount  of  the  lunar  fortnightly  and  of  the  semi-annual  tide 
ould  not  be  affected  to  the  same  extent  by  the  configura- 
^n  of  land  and  sea  if  observations  of  them  were  made  at 
litable  points,  and  that  they  might  be  employed  for  the 
irpose  of  comparing  the  calculated  and  observed  results, 
nluckily,  however,  no  sufficient  observations  of  these  tides 
ive  yet  been  made.  It  would  seem  then  that,  even  if 
16  assumptions  by  which  Sir  W.  Thomson  was  enabled  to 
)dace  his  results  are  justifiable,  the  observations  neces- 
ry  for  applying  these  results  to  the  actual  ca«e  of  the 
uili  are  just  those  which  have  not  been  made ;  and  that 
1  this  defect  is  remedied,  no  conclusions  can  be  arrived  at. 
Sir  W.  Thomson  has  also  investigated  the  effect  of  want 
'  rigidity  on  the  amount  of  precession  and  nutation.  The 
Mserved  amount  agrees  very  closely  with  that  obtained 
r  calculation  on  the  hypothesis  that  the  earth  is  perfectly 
g^d.  Any  considerable  want  of  rigidity  would  very  mate- 
sdly  alter  the  amount  in  most  cases.  But  there  are  three 
rangements  under  which  the  precession  of  an  earth  with 
yielding  crust  would  be  approximately  the  same  as  for 
^ect  rigidity.  The  first  requires  a  compensating  adjust- 
ent  so  very  imlikely  to  be  realised,  that  we  may  dismiss 
at  once ;  the  second  is  incompatible  with  a  tlun  crust ; 
e  third  is,  that  the  distortion  should  be  very  smaU  in 
mparison  with  what  it  would  be  if  the  earth  were  fluid 
ithout.  Now  we  will  attempt  to  show  by-and-by  that  if 
e  transition  from  the  solid  to  the  fluid  part  of  the  earth  is 
■adual  and  not  sudden,  this  last  condition  may  be  satisfied. 
lis  arg^ument  from  precession,  then,  is  not  conclusive. 


the  interior  portiou  of  the  in 
soft  till  it  parses  into  a  pasty 
matter  will  become  more  and  i 
centre,  and  may  possibly  at  c 

Eerfect  fluidity.  Frofeaeor  I 
ave  both  expressed  their  op 
by  Mr.  Hopkins  are  for  this 
case  of  the  earth,  and  the  for 
tions  to  4iis  method.  Mr.  Ho 
means  overlook  this  want  of  f 
and  assumed  conditions,  and 

^ite  of  it  his  conclusions  woi 
C  be  the  centre,  C  S  any  r 
on  that  radius  above  which 
below  which  all  is  fluid,  and 
tional  portion,  then  if  we  tal 
the  crust  it  will  give  the  pre 
too  small ;  but  there  will  be 
which  will  give  the  right  aj 
Effective  Thickness  of  the  ci 
Effective  Thickness  which  he 
1,000  miles.  All,  then,  whi« 
this,  a  shell  of  at  least  1,000  i 
the  precessional  motion.    But 
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ivented  them  being  dragged  one  over  the  other.  Different 
rts  of  the  viscous  mass  would  be  from  time  to  time  com- 
)S8ed  and  extended,  but  it  seems  perfectly  conceivable 
,t  for  all  practical  purposes  the  solid  and  semi-fluid 
"tions  of  the  crust  might  hang  together  as  a  whole. 
Che  conclusions  of  Sir  W.  Thomson  as  to  the  Eigidity  of 
\  Earth  have  also  been  attacked  by  Professor  Hennessy.* 
>  has  pointed  out  how  seriously  the  hypothetical  differ 
m  the  real  conditions  of  the  problem,  and  specially  how 
t  neglect  of  the  pasty  shell  that  must  exist  between  the 
id  crust  and  the  more  fluid  interior  impairs  the  validity 
the  restilts.  This  pulpy  stuff  would  act  as  a  pad  or 
ffer,  and  the  work  done  by  the  disturbing  action  of  the 
I  and  moon  on  the  internal  portions  of  the  earth,  instead 
being  transmitted  to  the  siirf ace  and  altering  its  shape, 
old  be  used  up  **  partly  in  producing  small  variations  of 
isity  among  the  comi)ressible  strata  of  the  nucleus,  and 
lly  in  changing  the  shape  of  the  yielding  matter  of  the 
er  surface  of  the  shell."  By  this  means  tne  deformation 
the  shell  might  be  very  small  indeed,  and  the  amount  of 
Kjession  the  same  as  if  the'  earth  were  solid  throughout 
1  perfectly  rigid.  Practically  the  observed  amount  of 
^cession  is  rather  less  than  it  wotild  be  if  the  earth  were 
•f  ectly  rigid ;  some  small  distortion  of  the  crust  is  pro- 
fc)ly  therefore  produced,  and  this  we  may  take  as  the 
asure  of  that  portion  of  the  interior  work  which  has 
naged  to  penetrate  the  buffer  and  make  itself  felt  in  the 
id  crust.  A  calculation  made  by  Archdeacon  Pratt  fur- 
hes  an  illustration  of  Professor  Hennessy's  objection.* 
jrting  with  Mr.  Hopkins's  assumptions  about  the  interior 
the  earth,  he  shows  that  the  internal  fluid  nucleus  will 
pulled  by  the  attraction  of  the  sun  and  moon,  and  will 
>rt  a  pressure  against  the  crust  which  tends  to  increase 
»  precession  ;  and  that  the  effect  of  the  want  of  rigidity 
:he  crust  will  tend  to  decrease  the  precession.  He  then 
ermines  to  what  extent  the  surface  must  be  elevated 
order  that  these  two  modifying  causes  may  destroy  one 
)ther,  if  the  crust  be  800  iniles  thick,  and  this  Jie  flnds 
>e  20  feet.  A  deformation  of  one-seventh  of  this  amount 
old  altogether  abolish  tides  in  the  open  ocean,  and  hence 
concludes  that  the  crust  must  be  far  thicker  than  800 
ies.  Now  if  the  internal  fluid  mass,  instead  of  pressing 
linst  an  unyielding  crust,  had  a  soft  pad  of  semi-fluid 
tter  to  bury  its  nose  in,  we  can  readily  imagine  its  energy- 

•  Nature,  v.  288.  f  Figure  of  the  Earth,  4th  ed.,  p.  135. 
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might  be  oonsuiurvl  in  pushing  tliis  aside,  end  no  preuure 
might  be  exerted  on  the  crust ;  and  if  the  crust,  instead  of 
being  solid  throughout,  had  a  yielding  lining,  the  work  due 
to  the  external  disturbing  force  might  be  expended  on  the 
lining,  and  give  rise  to  no  change  in  the  shape  of  the 
surfaoe.  In  such  a  case,  as  far  as  the  causes  mentioned 
are  conermed,  the  prect^ssion  would  be  unaffected. 

Profesior  Eemwisr'a  Viawa. — Frofesftor  Hennessy 
iias  attempted,  in  his  paper  in  the  Phihtophieal  Transactiont 
idready  q\ioted,  a  mathematical  solution  of  the  questioa 
now  before  ua.  It  is  impossible  to  convey  any  adequate 
notion  of  hia  way  of  handling  the  subject  wiUiout  more 
mathomatica  than  are  admissible  here,  but  the  following 
are  hia  chief  points : — 

HeobjecteatEtartiiigthat  aD  previous Investigationa  had 
tacitly  made  an  assumption  that  cannot  be  justified,  namely, 
that  the  vnlumii  of  the  entire  muss  and  thfi  law  of  density 
of  the  earth  have  rt-mained  the  same,  or,  in  otht'r  words, 
that  tlie  particles  of  the  original  fluid  mass  underwent  no 
rhnnge  of  position,  during  the  process  of  sob di heat  ion. 

Ho  then  considers  wliat  woiild  be  the  order  of  events 
during  solidificiitioti.  First,  lie  thinks  there  would  bo  much 
cheniicnl  action,  \\nicn  the  cliomical  affinities  of  the  mate- 
rials had  been  pntisti>-d,  tlio  mass  would  probably  be  in  a 
state  a]>proaching  perfect  fluidity,  and  circulation  would  go 
on,  the  ]iortion«  tliat  had  grown  denser  by  cooling  descend- 
ing and  the  hghter  portions  a<icending,  till  the  whole  had 
iiiraugf^d  itself  m  coincntnc  sliells  whose  density  increased 
fnnn  the  8urfa(  e  to  the  centre.  When  tliis  state  had 
been  arrived  at  be  thinks  a  surface  crust  would  begin 
to  be  funned.  Of  lo  ir'-e  when  any  picc«  on  the  outside 
had  becimie  sob  \  it  would  on  account  of  its  introasod 
detisity  tend  to  «ii  k  but  the  three  following  causes  would 
hinder  its  descent  — 

Ist.  Each  stratum  into  whnh  it  descended  would  be 
denser  than  the  one  above. 

2nd.  Each  stratum  would  have  its  density  increased  by 
the  [Missage  tlirough  it  of  cooler  j^Kirlions  from  above. 

3rd.  The  descending  portions  would  have  their  densities 
diminished  by  the  increase  in  the  temperature  downwards. 

Under  these  cii-cumstances  he  thinks  that,  though  circu- 
lufinn  would  go  on,  it  would  be  conluied  to  the  neighbour- 
hood of  the  surface,  and  a  crust  might  be  formed  ;  below 
the  crust  would  be  a  shell  of  imperfectly  fluid  matter,  and 
the  interior  might  retain  a  high  degree  of  fluidity.     lie 
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belieyes  that,  eyen  if  from  any  cause  the  solid  shell  and 
fluid  nucleus  rotated  at  any  time  at  different  rates,  yet  that 
the  friction  between  the  two  must  be  great  enough  to  bring 
the  motion  of  both  to  the  same  velocity  of  rotation.  Finally 
he  endeayours  to  determine  the  present  thickness  of  the 
cmst  thus.  He  obtains  an  expression  for  gravity  at  the 
surface  in  terms  of  the  radius  and  elliptici^  of  the  fluid 
nucleus ;  and  finds  that  if  this  expression  is  to  agree  with 
the  known  law  of  the  variation  of  gravity  over  the  earth,  the 
crust  cannot  be  less  than  18  nor  more  than  600  miles  thick. 
Professor  Hennessy  is  also  of  opinion  that  it  is  impossible 
that  consolidation  can  have  begun  at  the  centre,  and  that, 
even  supposing  any  accumulation  of  solid  matter  there  ever 
did  take  place,  it  must  necessarily  be  melted  again. 

Mr.  B.  Mallet  has  arrived  at  the  same  conclusion  by  a 
different  line  of  reasoning;*  his  views  will  be  given  more 
at  length  in  Section  HE. 

We  cannot  enter  here  any  further  into  the  question,  but 
for  additional  discussion  of  these  moot  points  the  reader 
may  consult  Professor  Hennessy,  London,  Edinburgh,  and 
Dublin  Phil.  Mag.,  drd  ser.,  xxvii.  376  (1845);  Joum. 
OeoL  Soc.  of  Dubhii,  1849 ;  Proc.  Eoyal  Irish  Acad.,  iv. 
337 ;  Archdeacon  Pratt,  Figure  of  the  Earth,  Nature,  iL 
264,  iv.  28,  141,  344 ;  GeoL  Mag.,  vii.  421 ;  Nature,  iv.  45, 
182,  383;  Professor  Haughton,  Transact.  Irish  Acad., 
xxiL  pt.  1,  p.  251 ;  D.  Forbes,  GeoL  Mag.,  viii.  162;  P. 
Scrope,  OteoL  Mag.,  vi.  145  ;  D'Archiac,  Kistoire  des  Pro- 
gres  de  la  Geologie,  i. ;  Thomson  and  Tait,  Natural  Philo- 
sophy, Appendix  D. ;  Major-G^n.  Barnard,  Smithsonian 
Contributions,  vol.  xix.  No.  240. 

The  only  conclusion,  if  we  can  call  it  a  conclusion,  that  it 
is  safe  to  come  to  in  the  present  state  of  our  knowledge  is, 
that  it  is  highly  probable  that  the  earth  has  cooled  down 
from  a  state  of  igneous  fusion,  but  that  there  is  not  evi- 
dence to  decide  ^diether  any  of  it,  and,  if  any,  how  much  of 
it,  still  retains  its  original  liquidity. 

Chemistry  of  the  Early  Xiiitory  of  the  Earth. — 
Some  speculators  have  attempted  to  push  their  way  back  to 
periods  of  the  earth's  history  even  more  remote  than  those 
we  have  been  noticing.  Beginning  with  the  time  when, 
owing  to  the  intense  heat,  the  chemical  elements  of  the 
materials  of  the  earth  existed  in  an  uncombined  state,  they 
have  tried  to  trace  out  the  steps  of  the  process  by  which 
their  combination  was  brought  about,  and  the  first  rude 

•  Phil.  Trannct.,  driii.  (1873),  160. 
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to  have  undergone,  are  all  < 
have  QOw  to  inquire  how 
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m&ny  cases  at  least,  of  thi 
The  phenomena  of  vridesf 
can  he  explained  only  on  tl 
disturbancea  are  so  intimate 
movements,  that  it  seems  L 
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tion  that  they  were  caused  h 
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f  locks  from  a  lower  to  a  higher  level,  and  not  in  the  least 
>  Bnggest  the  direction  in  which  the  force  acted  by  which 
^e  movement  was  effected. 

General  Stmetnre  of  ICountain  Chains. — ^Before 
re  go  any  further,  it  will  be  desirable  that  the  reader's 
leas  should  be  clear  on  two  points:  first,  what  the 
rrangement  of  the  rocks  in  a  mountain  chain*  is  not  like ; 
nd  secondly,  what  it  is  like.  In  many  books  he  will  find 
le  general  section  of  a  mountain  chain  to  be  such  as  is 
liown  in  Fig.  137. 

We  see  in  the  section  a  central  nucleus  of  Gbtmite,  and 
rom  this  the  rocks  dip  away  on  either  side  in  the  same 
irection  as  the  slope  of  the  ground.  The  sketch  gives  the 
lea  that  the  Granite  has  been  driven  up  from  below,  and 
as  thrust  aside  the  rocks  on  either  flank.  There  is  no 
lountain  chain  known  which  has  a  section  at  all  approach- 
ig  this.  The  section  in  Fig.  138,  though  it  fails  to  convey 
ay  adequate  notion  of  the  amount  of  crumpling,  inver- 


1.  Qnnitie  Bocks.  1.  VbUated  SofaigtB.  8.  Uudtsred  Bodo. 

ig.  137. — What  ▲  Section  across  ▲  MoumrAiN  Chain  is  not  likb. 

ion,  and  smashing  that  is  very  frequently  met  with,  gives 
much  fairer  general  idea  of  tibe  disposition  of  the  rocks. 

The  strata  have  not  been  simply  bent  up  into  a  single 
088,  but  have  been  folded,  crumpled,  and  dragged  over 
lon^  a  number  of  lines  ranging  roughly  paraUel  to  one 
oother;  and  in  many  cases  so  far  from,  the  dip  being 
Uwards  on  either  side  of  the  range,  it  is  directly  in  the 
ppoeite  direction,  the  rocks  plunge  at  high  angles  on  both 
axiks  into  the  hill,  and  a  section  of  them  shows  something 
ke  the  plaits  of  an  open  fan,  the  handle  of  which  lies  deep 
own  in  the  centre  of  the  mountain.  Granite  appears  in 
sireral  belts,  but  these  show  no  sifi;ns  of  having  been 
imst  up  tlm>ugh  the  surroimding  rocks.  On  the  contrary, 
le  rock  shades  off  insensibly  into  foliated  schists,  and  theee 
lelt  away  in  unaltered  rocks. 

Mr.  BCopkins's  Theory. — ^We  have  already  mentioned 
[r.  Hopkins  as  one  of  the  ablest  supporters  of  the  vertical- 

*  Using  the  tenn  in  the  restricted  sense  applied  to  it  in  the  pro- 
dding chapter. 


gas.  ami  tlie  pressure 
of  this  gas  was  sup- 
posed to  bead  up  the 
OTerlying  roct  till  it 
was  strained  to  the 
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ing this  objection,  wo 
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out  what  seema  to  be  ^ 
its  weak  points  in 
Chapter  IX.  p.  383. 
Mr.  Hopkins's  know- 
ledge of  the  facta  he 
attempted  to  explain 
aeema  to  have  Men 
very  imperfect.  He 
speaks,  for  instance, 
of  anticlinal  and  syn- 
cUnal  lines  occurring 
w^th  alternations  of 
rapid    and    opposite 
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cases.  His  conviction,  too,  that  all  narrow,  steep-sided 
Tallejs  were  rents  in  the  crust,  led  him  sadly  astray.  TTi« 
beautiful  mathematical  inyestig;atio]is  have,  on  account  of 
his  limited  geological  knowledge,  not  led  at  present  to  any 
useful  results;  but  they  may  yet  bear  good  fruit,  and 
geologists  will  probably  some  day  thank  lum  for  the  atten- 
tion he  has  given  to  the  subject. 

Theory  of  Scrope  and  Babbaga. — ^Next  comes  a  very 
ingenious  speculation,  originally  suggested  by  Scrope,*  and 
afterwards  struck  out  independently  by  Babbage.f  By 
the  deposition  of  sediment  on  sea-bottoms  an  area,  which 
before  the  deposition  began  formed  part  of  the  earth's 
surface  and  had  the  temperature  of  the  surface,  is  gradu- 
ally buried  imder  a  cover,  constcmtly  increasing  in  thick- 
ness, which  checks  the  escape  of  &e  heat  from  within. 
The  temperature  of  the  rocks  of  this  area  will  therefore  be 
raised,  and  the  rocks  themselves  must  expand.  The 
reostance  to  expansion  will  be  less  in  a  vertical  than  in 
a  horizontal  direction,  and  hence  the  area  will  bulge  up 
and  cause  elevation  of  the  rocks  resting  upon  it.  It  is 
evident  that  this  explanation  accoimts  only  for  vertical  ele- 
yation,  and  makes  no  provision  for  contortion  or  any  form 
of  compression ;  in  fact  the  elevations  produced  by  it  would 
be  bosses,  the  strata  of  which  would  be  arranged  in  oon- 
oentric  domes,  like  that  in  Fig.  137,  which,  a.s  we  have 
pointed  out,  is  a  structure  found  in  no  mountain  chain  yet 
examined.  Even  then  supposing  some  small  local  elevations 
may  be  due  to  this  cause,  it  is  quite  inadequate  to  produce 
the  larger  disturbances  which  the  crust  exhibits. 

There  is  another  weak  point  about  the  theory.  During 
the  accumulation  of  many  thick  bodies  of  sedimentary 
rocks,  the  sea-bottom  was  gradually  sinking.  It  makes 
no  provision  for  this.  It  may  explain  vertical  uplifting, 
but  does  not  allow  of  subsidence  during  deposition. 

Theory  of  Sir  J.  Eerachel. — Sir  J.  Herschel^  threw 
out  the  hint  that  the  mere  weight  of  a  thick  mass  of  sedi- 
ment might  cause  the  part  of  the  crust  on  which  it  rested 
to  bend  down,  and  the  portions  on  either  side  to  sweU  up. 
This  would  require  the  crust  to  be  remarkably  thin  and 

*  Volcanoes,  p.  271,  note.  Fiaher,  Oeol.  Mag.,  x.  248,  zi. 

'f  Proceedings  Geol.  Soc.,  ii.  60,  64. 

74  ;  Ninth  Bridgewater  Treatiae,  %  Proceedings  GeoL    Boo.,  ii 

KoteG,  p.209.   See  also  Captain  648,    696;     Ninth    Bridgewater 

Button,  OeoL  Mag.,  x.  166,  xi.  Treatise,  Note  I,  p.  226. 
22;    Nature,    iz.  61;    Rev.    0. 
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or  it  may  be  tliat  Bolidificalioa  liaa  worked  its  way  down 
to  the  centre. 

It  uppoarfl,  tboD,  tliat,  sBsuming  the  earth  to  hsve  oca&fl 
into  itH  prcHcnt  condition  by  cooling  from  amehed  state,  It 
must  have  ouo  of  the  thrtie  following  cooBtituticms  ; — 

(1)  It  may  consist  of  an  extern^  solid  crust  end  the 
interior  may  be  wholly  fluid. 

(2)  It  mny  consist  of  a  central  solid  nucleus  and  an  ex- 
ternal Bolid  cruet,  ecfianit'jil  Tiy  a  eboll  of  imperfect!]'  fluid 
matter. 

(3).  It  may  be  solid  throughout. 

But  wo  are  altogtithor  unable,  with  our  preaent  know- 
ledge, to  decide  by  direct  reasoning  which  of  these  thrwi 
states  represents  most  probably  tho  present  constitution  of 
the  earth,  or  in  the  first  and  second  caaes  t^i  estimate  the 
[irobablo  thickness  of  the  crust.  We  must  therefore  see  if 
any  light  can  be  thrown  on  the  question  by  indirect 
methods. 

Axgvmant  team  ProCBBnon. — Among  the  attempts 
made  in  this  din'ctiou,  we  must  notice  first  the  eud^arours 
of  the  late  Mr.  W.  Hopkins  to  determiae  what  ia  the  least 
[loseiblu  thickness  of  the  earth's  orust  that  is  oonaistent 
with  the  phenomena  of  precession  and  nutation.  The 
actual  calculatious  are  exceedingly  refined  and  intricate. 
but  the  following  skcitrh  will  give  an  idea  of  his  line  of  ar- 
gument. .  The  attraci ii ins  uf  the  Kun  acd  moon  on  the  por- 
tions of  tlie  earth  which  bulge  out  at  the  equator  are 
idways  prodticiug  slight  disphicemcnts  of  the  earth's  asia, 
and  these  movcmentB,  combined  with  the  earth's  rotation, 
cause  the  axis  to  move  in  the  following  fashion.  Take 
two  straight  rods,  unite  one  end  of  one  to  one  end  of  the 
other  by  a  hxwc  joint,  and  cmuoct  the  other  ends  by  a 
bit  of  string ;  then  hold  one  rod  perjx'udicular  to  the  plane 
of  the  cclijitic,  and  move  the  other  round,  keepinij  Iht  string 
atieiiffii  tight ;  tho  cxtiTmity  of  the  second  rod  will  describe 
a  circle  in  space,  and  tho  motion  of  the  rod  itself  will  re- 
semble in  everything  except  siieed  the  precession  of  the 
earth's  axis.  Nutation  consists  in  small  deviations  first  to 
one  side  mid  then  to  the  other  from  the  position  which  the 
axis  wDulrl  have  if  i)rece»sion  alone  existed.  It  may  be 
repi-i'si-iiti-il  by  suiipcising  that  the  string  in  our  ilhistration 
ia  slightly  clastic,  uiid  kcejis  altemutely  lengthening  and 
shortening  itself  a  little.  Under  these  circumstauces,  the 
liath  of  tho  eml  of  tho  movable  rod  will  be  like  the  edge 
of  a  disc  with  a  slightly  crim[ied  or  wavy  outline,    and 
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the  same  time  to  vertical  upheaval  and  horizontal  compres- 
sion. 

Contraction  Theory. — The  contents  of  the  last  section 
seem  to  show  that  at  present  we  have  not  knowledge  enough 
to  enable  us  to  form  a  positive  opinion  on  the  questions, 
whether  any  part  of  the  earth  is  fluid,  and,  if  so,  what  is 
the  thickness  of  the  solid  crust. 

One  point,  however,  has  been  established — the  interior 
of  the  earth  is  hotter  than  the  outside ;  and  since  it  is  very 
highly  probable  that  the  whole  earth  was  once  much  more 
intensely  heated  than  now,  and  that  the  present  internal 
heat  is  only  what  is  left  of  the  original  temperature,  we 
arrive  at  a  further  fact,  which  has  an  important  bearing  on 
the  questions  to  be  discussed  in  this  section,  namely,  that 
the  earth  always  has  been  and  still  is  a  cooling  globe,  and, 
if  a  cooling  globe,  it  must  also  be  a  contracting  globe,  if  the 
materials  of  its  interior  are  at  all  analogous  to  those  which 
form  its  surface. 

Further,  it  is  almost  universally  true  that  the  amount  of 
produced  by  the  loss  of  a  given  degree  of  heat 
(the  coefficient  of  contraction),  is  larger  when  the  body  is 
at  a  high  than  when  at  a  low  temperature.  Thus  if  a  rod 
shortened  by  1 -100th  of  an  inch  when  it  passed  from  212° 
to  21 1**,  it  would  not  shorten  so  much,  say  only  1 -300th, 
when  its  temperature  was  reduced  from  90®  to  89*^.  From 
this  it  follows  that  since  the  interior  of  the  earth — it  matters 
not  whether  it  is  solid  or  fluid — ^is  hotter  than  the  outside, 
it  must  shrink  faster  than  the  outside.  Practically  the 
outside  crust  has  so  veiy  little  heat  to  lose,  that  it  may  be 
said  not  to  shrink  at  all,  while  the  hotter  nucleus  is  ^adu- 
ally  drawing  away  from  it.  If  the  crust  were  •  in  this  way 
left  without  support,  it  must  crush  in  by  its  own  weight,  and 
the  crushing  lorce  on  any  portion  in  a  cross  section  of  it 
can  be  shown  to  be  equal  to  the  weight  of  a  column  of  rock 
which  has  that  portion  for  its  base  and  half  the  earth's 
radius  for  its  height.*  Pressure  like  this  is  far  more  than 
sufficient  to  smash  in  the  most  imyielding  materials  known, 
and  the  crust  could  not  sustain  it  for  a  single  moment. 
It  must  therefore  follow  the  nucleus  down.  The  only 
possible  way  in  which  it  can  do  this  is  by  its  being 
crumpled  into  folds.  It  is  as  if  we  were  to  make  a  paper 
case  that  would  just  hold  an  orange  of  a  certain  size,  and 
then  try  to  make  it  fit  closely  over  a  smaller  orange,  we  could 

•  BfiY.   0.    Fisher,   Transact.      pt.  3 ;  R.  Mallet,  PhiL  Traniact, 
Ctmbridge    Phil.   Soc,  yoL  xi.      dxiu.  (1873),  173. 


GEOLOGY. 

evidently  STiooeed  only  by  wrmkling  the  paper.  An  old  d.  . 
apple  alsc  f  iimisheB  an  escellent  illuBtration  of  the  pnx«e«.  *- 
As  (irj"ing  goes  on  the  fruit  shrinkB,  bat  the  skin  does  not=    *^^^ 
the  latter  accordingly,  having  to  at-commodate  itself  Ui  th^*-**™ 
diminished  nucleua,  boconkeB  puckered  into  wrinkles.     Ac — ^-*^? 
cording  to  this  theory,  then,  the  nonnal  state  of  the  earth'^^ -*' 
crust  jiught  to  be  a  crumpled  one.  and  so  it  in.    MTjere  the^»-*** 
foruo  acted  with  concentrated  energy  along  certain  lines,  or"^*^** 
along  lines  of  wcaknesB,  portiooH  wore  ridged  up  into  long-^^^ 
narrow  prominent  protuberances,  out  of  wiiieh  mountain ^*^^^-'' 
chains  were  aftorwarde  carved  by  denudation.     Here,  tt»o,    «  •^i 
owing  to  the  intensity  of  the  action,  the  rocks  -would  be  ^^^* 
violently  contorted.     We  have  seen  that  eioc8sive  oontor-    — "*" 
tion  is  invariably  found  in  lofty  mountaiu  chains.    Possibly    — ^' 
where  the  folding  was  more  gentle,  broad  arches  and  txouglu     ^^ 
were  produced,  which  gave  riae  to  continents  and  oceanic    ^= 
depressions.    We  have  already  shown  that  the  disturbances     -^    ' 
which     tile    rorkj    of    thf    earth's   crust   have   undc-rgoue      -^ 
have  bi'fU   iiiu]i>    il    iml    iill   of    tlii'm   prnduped  Tjy  fOKia^^^^J 
iictiiitr  in  ;i  liipri/iiiiiiil  .liiii  linn,  but  iv(?  wert;  not  then  aUo  ^^^^ 
tr,  ixj.liiiu  how  \hf  tlivu^t  was  (ji'tienited.    Wc  can  now  set 
thiit  we  huvc,  in  the  un.ijuiil  shrinking  of  the  wol  cruM 
and  ill  it  iiuileusi.t'  tlieciirth,  a  cause  quite  adequate  to  give 
rise  to  thesi'  hori/imtal  coiiii)ri'ssiijns. 

The  uotidii  that  the  earth's  conti-nction  has  been  the 
cause  of  the  disiiliicoiucnt  of  the  rocks  iind  the  elevations 
■if  the  surface  seems  to  have  occurred  first  to  Descartes 
(Ed.  frau^nise.  IfiW.  p.  a22).  It  was  advimiled  by  Con- 
stant Pi-ovost*  and  Elie  do  Beaumont, f  but  the  latter 
tmluckily  tacked  on  to  it  an  untinable  hyiiotlii'siw,  which 
served  rather  to  bring  it  into  disrejmte.  It  was  the 
favourite  theory  of  Do  la  BeehcJ  mid  is  adojited  bya  liirgc 
number  of  the  geologists  of  tlic  day.^ 

B«i>Larks  on  ths  Contraction  Theory. — As  far  as 
mountuiii-buililiiifr  goes,  no  objection  of  auy  weight  has 
been  tirged  against  the  contraction  theory.  But  when  wo 
ap]Jy  tlie  same  explanation  to  tlio  formation  of  continental 
areus  and  oceanic  depressions,  several  difhculties  present 

•  Hull.  Soc.  Oeol.  de  Franco,  Itesparchca   in    Theoretical    Geo- 

li.  IKa  (I8i0) ;  ComptcB  HphiIiib,  luiry,  p.  f21. 

mi.  (S,.[ittmbcr,  18.J0),  Ifil.  {  Uulhcr,    Sillimuii'a  JournJ,    - 

t  Kotici!  siir  1e9  Svntomea   de  1st  sec.,  slii.  284;    Duna,  ibid..    - 

MonUgncs  (I'liria,   Iti.iJ);   ll..i^  2nil  wr..  ii.  353,  iii.  04,  176.  3S0. 

kin»,Arniivr-"ryAddrcaB, Quart.  iv,  S8;  3iil  aer.,  v.  423,  yi.  Ci,  Itll,— 

Jourr.  U.-..1.  So.'.,  vol.  ir.  ICl. 

I  Geologival  Olnurvtr,  p.  730  ; 
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themBelyes.  Mr.  B.  Mallet,  while  he  stronglj  advocates 
the  Tiew  that  mountain  chains  were  formed  by  the  thrust 
due  to  contraction  after  the  erust  had  reached  a  certain  thicks 
neu  and  rigidity ^  thinks  that  this  force  is  far  too  local  in  its 
range  to  be  able  to  be  transmitted  across  such  vast  areas 
as  continents  and  oceans.  The  outlines  of  these,  he  be- 
lieves, were  marked  out  by  broader  foldings,  which  gave 
relief  to  the  crust  at  an  earlier  period  of  the  eartKs  history, 
when  the  cruet  was  very  thin.  Professor  Dana  has  also 
attempted  to  explain  on  this  supposition  several  facts  in 
the  distribution  of  the  great  surface  inequalities  of  the 
earth,  such  as  the  proximity  of  mountain  ranges  to  coast 
lines,  and  the  relation  of  the  height  of  the  range  to  the 
depth  of  the  ocean  facing  it.  Some  of  his  generalisations 
are  perhaps  open  to  question,  but  he  has  suggested  points 
well  worth  careful  consideration.* 

Professor  Le  Conte  has  raised  the  further  objection  that 
an  arch  broad  enough  to  form  a  continent  3,000  to  6,000 
miles  across,  or  a  trough  that  would  hold  an  ocean  like  the 
Pacific,  10,000  miles  broad,  could  not,  even  if  the  crust 
were  several  hundred  miles  thick,  sustain  itself ;  the  arch 
must  break  down  and  the  depression  break  up.f  This 
objection  hardly  applies,  because  the  crust  does  not  sus- 
tain itself ;  indeed  no  segment  of  it  could  possibly  stand 
unless  it  were  supported  underneath.  He  prefers  to 
account  for  the  formation  of  continental  and  oceanic  reliefs 
by  the  hypothesis  that  the  conducting  power  has  been 
greater  along  some  radii  than  along  others.  Some  portions 
of  the  earth  would  then  cool  and  contract  faster  than 
others ;  the  first  would  sink  down  into  oceanic  depressions, 
while  the  second  would  be  left  standing  up  as  continental 
tracts.  Archdeacon  Pratt  X  adopts  a  similar  view,  on  the 
ground  that  the  mass  of  the  earth  is  found  in  some  cases 
to  be  denser  beneath  the  ocean  than  beneath  the  land,  and 
to  be  least  dense  beneath  great  mountain  chains.  If  the 
facts  adduced  by  Archdeacon  Pratt  turn  out  to  be  generally 
true,  they  are  certainly  in  favour  of  this  view. 

We  may  notice  that  Mr.  E.  Mallet  has  shown  that  a  defi- 

*  Bee  his  papen  quoted  on  p.  Cambridge      FhlL     Soc,     xiL, 

flOp  and  hiB  Manual  of  Geology,  part  2. 

TO.  9—38,  and  731—737.    Also  f  Prof.  James  Le  Ck)nte,  Silli- 

Kbt.  O.  Fisher,  "On  the  Ine-  man'BJoiim.,3rd8er.,iy. 346,460. 

analities   of   the    Earth's    Sor-  t  Phil.  Transact.,  clzi  (1872), 

faoe  viewed  in  Connection  with  335;   Fignre  of  the  Earth,  4th 

the   Secular  Cooling."     Trans,  ed.,  p.  201. 
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tion  of  Yolcanic  eraptions,  metamorphism,  and  allied  phe« 
nomena? 

M etam  orphism  and  Lava,  both  Effects  of  the  same 
CSavse. — We  have  seen  reason  to  believe,  that  the  process 
which  has  imparted  to  the  rocks  usually  classed  as  Meta- 
morphic  their  crystalline  texture  and  other  peculiarities, 
will,  if  carried  far  enough,  result  in  the  production  of  fused 
rock  underground,  and  that,  if  this  molten  stuff  be  driven 
up  to  the  surface,  it  will  flow  out  as  Lava.  The  source  of 
yolcanic  activity  and  of  metamorphism  we  may  assume, 
then,  to  have  been  the  same,  and  we  have  to  do  two  things: 
first,  to  find  heat  enough  to  bring  about,  in  combination 
with  other  agents,  metamorphism  and  fusion ;  and  then  to 
provide  machinery  competent  to  lift  the  fused  matter  to  the 
surface. 

Szplanation  on  Hypothesis  of  a  Thin  Cmst. — ^We 
have  already  seen  how  easily  the  doctrine  of  a  thin  crust 
solved  the  problem.  The  melted  matter  was  ready  to  hand, 
and  the  fracturing  and  sinking  down  of  the  crust  pumped 
it  up. 

But  this  explanation  falls  to  the  ground  unless  the  crust 
is  thin,  and  as  that  is  a  very  doubtful  point  it  cannot  be 
accepted  as  satisfactory.  There  are  besides  several  weU- 
known  facts  that  tell  somewhat  against  it.  The  lavas  of 
different  vents  differ  considerably  from  one  another,  and 
often  seem  to  be  somewhat  related  in  composition  to  the 
rocks  through  which  the  eruption  has  burst  its  way ;  if  all 
lava  came  from  one  general  reservoir,  one  would  expect  it 
to  be  more  uniform  in  character.  Again,  there  appears 
to  be  often  no  connection  whatever  between  two  vents  very 
dose  to  one  another ;  the  lava  standing  at  different  levels 
in  the  two,  and  in  one  being  in  gentle  and  in  the  other  in 
violent  ebullition.  Such  a  fact,  though  not  altogether 
incompatible  with  the  vents  opening  into  the  same  great 
internal  tank,  does  not  lend  support  to  such  a  view.  A 
more  satisfactory  answer  to  the  second  part  of  the  problem 
supposed  that  water  foimd  its  way  by  percolation  down  to 
the  molten  interior,  and,  being  suddenly  converted  into 
steam,  burst  through  the  overlying  rocks,  flashed  out  in 
explosions,  and  forced  up  the  lava. 

Mr,  Hopkins's  Theory. — Independently  then  of  the 
fact  that  it  is  very  doubtful  whether  the  crust  is  as  thin 
as  the  explanation  just  described  requires,  it  is  unsatis- 
factory on  other  grounds.  The  advocates  of  a  very  thick 
<7ust  propounded  several  others  in  its  place.     Mr.  Hopkins 
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BuppoBed  the  solid  part  of  the  earth  to  contain  hollows  fillcil 
with  matter  still  io  a  etnte  of  fusion,  and  ho  Bupposed  these 
hollows  to  have  ariaon  in  the  following  way.  When  an 
iDcnistatiun  had  begun  to  form  at  the  eurface,  the  expao- 
sive  force  of  the  contained  gaees  would  every  hore  and  tliero 
te'nd  to  fracture  the  thin  cruat ;  and  when  areas  of  wftaknem 
had  been  once  established,  the  gases  would  pref  dt  to  work 
their  way  out  by  apertures  alroady  in  esistence,  even  if 
they  had  to  travel  considerable  distances  to  reach  them, 
rathfir  thn.n  to  break  open  &eeh  points  of  discharge.  Thus 
the  crust  would  be  parcelled  out  into  disturbed  tiud  undis- 
turbed districts,  and  solidification  would  eiteud  downwards 
faster  in  the  latter  than  the  former.  The  under  side  of  the 
I'rust  would  thus  oome  to  have  inverted  hollows  over  its 
H\irface,  and  the  edges  of  these  might  extend  down  to  the 
central  solid  nucleus  if  there  wa«  one,  or  unite  beneatliif 
tJio  inUTiur  waa  wh'iUy  fluid,  and  m  portions  still  lirpiiil 
would  bo  endoned  in  thu  giiniiilly  wdid  iruot.  fSir  \V, 
Tlionii-on  believes  that  the  outer  portion  of  the  earth  has  a 
i^iniilur  honeycombed  structure. 

Assuming  tliat  the  method  of  solidification  sup]»ortcd  by 
Mr.  Iliipkina  is  probable,  his  hyiiothesis  still  fails  to  ex- 
]dain  some  of  tho  leading  facts  of  volcanic  action.  Accord- 
ing to  it  there  seems  no  reason  why  tlie  internal  fiery  lakes, 
and  tlie  volcanoes  that  they  feed,  should  be  arranged  accord- 
ing to  any  law  ;  one  would  expect  to  find  them  dotted  alwut 
luipha/ard.  But  one  of  tJie  most  striking  facts  about 
volcanoes  is  the  way  in  which  they  are  arranged  in  fines, 
either  coincident  witli  or  parjiUd  to  lines  of  great  elevation. 
The  great  volcatiic  lu'lt  that  runs  along  the  mountain  chain 
formed  by  tlie  lioclcy  fountains  and  the  Andes  ia  one 
instance.  Tfic  omissiou  to  account  for  this  fact  is  a  verj- 
weak  point  in  tlie  exiilanation.  Again,  the  theory  does 
uot  furnish  a  very  satisfactory  explanation  of  tho  alternate 
|icri<ids  of  ropoHo  and  acKvity  exhibited  by  volcanoes. 
One  could  understand  a  cavity  being  pumped  out  and  there 
being  an  end  of  all  eruption  from  it ;  but  wlij'  it  should 
diseharf^  a  jHUt  of  its  contents,  tlien  rest  awliile,  and  then 
begin  discliarging  ufi-esh,  it  is  not  easy  to  see  ;  and  if  it 
was  once  emptied,  what  is  to  fill  it  agiiin?  Such  objection* 
may  not  be  fatal,  but  they  uaturjifiy  ai-ise,  o)id  till  thej' 
are  met,  the  hypothesis  cannot  bo  said  to  be  sntisfHctory 

Explanations  of  Ur.  Scrope  and  Kev.  O.  Fiahsr. — 
OlliiT  aiitliors  wiU  have  it  that  below  a  certain  deptli  tht? 
wbi>le  or  purtious  of  the  crust  are  just  vergiug  on  fusion. 
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and  that  any  change  in  temperature,  or  pressure,  or  both, 
may  turn  the  scale  and  convert  solid  into  melted  matter. 
Mr.  Scrope  has  supposed  that  sometimes  the  requisite 
increase  of  heat  is  caused  by  the  accumulation  of  thick 
oiasses  of  sediment  in  a  way  already  described ;  and  that 
iometimes  liquefaction  may  have  been  brought  about  by 
relaxation  of  pressure  where  the  overlying  rocks  have  been 
fissured  or  uplifted.*  Mr.  Mallet  has  shown  that  the 
amount  of  heat  generated  on  the  first  supposition  is  not 
sufficient  to  produce  the  amount  of  volcanic  action  that 
IS  actually  going  on  (note  to  his  paper  quoted  below). 
rhe  Eev.  0.  Fisher  aao2)ts  the  latter  view ;  he  maintains 
that,  whenever  the  contraction  of  the  crust  raises  a  zone  of 
rock  into  a  mountain  chain,  the  rocks  imdemeath  have  no 
longer  the  weight  of  that  zone  pressing  on  them,  and,  if  it 
vras  only  pressure  that  kept  them  solid,  they  would  pass 
into  the  liquid  state.f  This  hypothesis  accounts  for  the 
association  of  volcanoes  with  lines  of  elevation. 

However  satisfactory  in  other  respects  these  and  similar 
explanations  may  be,  they  cannot  rise  above  the  rank  of 
speculations  untU  the  fundamental  assumption  with  which 
tnej  start  is  securely  established. 

While  speaking  of  Mr.  Scrope's  speculations,  we  must 
not  forget  to  mention  that  he  did  inestimable  service  by 
showing  that,  whatever  be  the  origin  of  lava,  the  force 
that  raises  it  to  the  surface  is  undoubtedly  the  expansive 
power  of  steam.  J  There  is  no  difficulty  in  obtaining  water ; 
very  nearly  every  one  of  the  known  active  volcanoes  is 
situated  near  the  sea,  and  percolation  would  furnish  a 
plentiful  supply. 

Starry  Hunt's  Theory. — Dr.  Sterry  Hunt  has  put  for- 
ward the  following  view  of  the  present  state  of  the  earth's 
interior,  and  the  origin  of  metamorphic  and  volcanic  action. 
He  believes  that  the  earth  consists  of  an  exterior  shell  of 
sedimentary  deposits,  a  solid  anhydrous  nucleus  still  highly 
heated,  and  between  the  two  a  zone  of  matter  derived 
partly  from  the  nucleus  and  partly  from  the  outside  shell, 
permeated  by  water  holding  siliceous  and  aluminous  mat- 
ter, carbonates,  sulphates,  clilorides,  and  carbonaceous  sub- 
stances, and  raised  to  a  temperature  not  necessarily  veiy 
high  by  the  heat  from  within.     Under  these  circumstances 

•  Volcanoes,    pp.     265—275;  t  Volcanoes,     pp.    37,     116; 

GeoL  Mag.,  v.  637.  Geol.  Mag.,  vi  196. 

t  Traiwact.    Cambridge  Phil. 
8oc.  xi. ;  GeoL  Mag.,  v.  493. 
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he  maintains,  on  the  strength  of  manj  experimental  results, 
that  the  matter  of  this  zone  would  be  in  a  state  of  hydro- 
thermal  fusion,  and  that  it  would  be  converted,  according 
to  circumstances,  into  the  various  forms  of  Metamorphic, 
Plutonic,  and  Volcanic  rocks.  He  adopts  the  Scrope-Bab- 
bage  theory  that  thick  deposits  of  sediment  check  the  escape 
of  internal  heat ;  and,  wherever  this  occurs,  the  reactions 
in  the  intermediate  zone  are  increased  in  activity,  and  vol- 
canic eruptions,  upheaval,  and  other  allied  phenomena, 
result.  For  details  of  this  elaborate  theory,  the  reader 
must  consult  the  papers  quoted  below.* 

Mr.  B.  Mallet's  Theory. — There  is  one  very  signifi- 
cant fact,  which  all  the  explanations  hitherto  glanced  at 
have  failed  to  notice.  Metamorphism  is  always  accom- 
panied by  contortion,  and  in  many  cases,  perhaps  always, 
it  increases  in  intensity  as  the  crumpling  grows  more 
violent  and  complicated.! 

We  have  also  seen  how  persistently  volcanoes  range 
themselves  along  mountain  cnains,  that  is,  along  belts  of 
excessive  contortion. 

It  seems,  then,  that  not  only  are  Metamorphic,  Plutonic, 
and  Volcanic  action  closely  allied,  but  that  contortion 
belongs  to  the  same  family.  We  have  got  at  a  fairly  satis- 
factory explanation  of  the  cause  of  contortion ;  will  the 
machinery  which  produced  it  also  furnish  us  with  the  heat 
whose  origin  we  are  in  search  of?  Mr.  H.  Mallet  has 
attempted  to  show  that  it  will,  in  a  very  remarkable 
memoir,!  of  which  we  must  attempt  to  give  an  abstract. 

His  ideas  about  the  order  of  events  during  the  passage 
of  the  earth  from  a  gaseous  into  its  present  condition  are 
as  follows : — 

Ist  Stage. — The  chemical  elements  of  which  the  earth 
is  made  up,  existed  uncombined  in  a  state  of  gas,  and  the 
iirst  step  was  the  union  of  these  into  combinations  similar 
to  those  we  find  in  the  globe  at  present. 

2nd  Stage. — When  a  state  of  chemical  equilibrium  had 


♦  Canadian  Joum.,  1858,  p. 
203;  Quart.  Joum.  Geol.  Soc, 
XV.  488;  Comptes  Rendus,  June 
9,  1862;  Dublin  Quart.  Joum., 
July,  1863;  Silliman's  Journ., 
2nd  ser.,  xxxvii.  255 ;  xxxviii. 
182;  3rd  ser.,  v.  264;  Gkology  of 
Canada,  1863,  pp.  643,  669 ;  Re- 
port, Geology  of  Canada,  1866, 
p.  230  ;  Geol.  Mag.,  vi.  245. 


t  For  one  admirable  instance, 
see  Geikie,  Transact.  Eldinborgh 
Geol.  Soc.,  ii.  293,  294. 

X  PhU.  Transact.,  elxiii.  (1873), 
147 ;  Proceedings  Royal  Society, 
xxii.  328.  See  also  The  Emp- 
tion  of  Vesuvius  in  1872,  by 
Prof.  Luigi  Palmieri,  translated 
by  Robert  Mallet;  and  Scrope, 
GeoL  Mag.,  zi.  28. 


6TEEEY   hunt's  THEOET.  515 

uid  that  any  cliange  in  temperature,  or  pressure,  or  both, 
2iay  turn  the  scale  and  convert  solid  into  melted  matter. 
Ifir.  Scrope  has  supposed  that  sometimes  the  requisite 
ncrease  of  heat  is  caused  by  the  accumulation  of  thick 
nasses  of  sediment  in  a  way  already  described ;  and  that 
lometimes  liquefaction  may  have  been  brought  about  by 
leilaxation  of  pressure  where  the  overlying  rocks  have  been 
issured  or  uplifted.*  Mr.  Mallet  has  shown  that  the 
imount  of  heat  generated  on  the  first  supposition  is  not 
mfELdent  to  produce  the  amount  of  volcanic  action  that 
s  actually  going  on  (note  to  his  paper  quoted  below). 
rh.e  Hev.  0.  Fisher  adopts  the  latter  view ;  he  maintains 
ihat,  whenever  the  contraction  of  the  crust  raises  a  zone  of 
rock  into  a  mountain  chain,  the  rocks  imdemeath  have  no 
onger  the  weight  of  that  zone  pressing  on  them,  and,  if  it 
was  only  pressure  that  kept  them  solid,  they  would  pass 
nto  the  liquid  state. f  This  hypothesis  accounts  for  the 
iSBOciation  of  volcanoes  with  lines  of  elevation. 

However  satisfactory  in  other  respects  these  and  similar 
axplanations  may  be,  they  cannot  rise  above  the  rank  of 
fpeculations  imtil  the  fimdamental  assumption  with  which 
they  start  is  securely  established. 

"While  speaking  of  Mr.  Scrope's  speculations,  we  must 
not  forget  to  mention  that  he  did  inestimable  service  by 
showing  that,  whatever  be  the  origin  of  lava,  the  force 
that  raises  it  to  the  surface  is  undoubtedly  the  expansive 
power  of  steam.  J  There  is  no  difficulty  in  obtaining  water ; 
very  nearly  eveiy  one  of  the  known  active  volcanoes  is 
situated  near  the  sea,  and  percolation  would  furnish  a 
plentiful  supply. 

Sterry  Hunt's  Theory. — Dr.  Sterry  Hunt  has  put  for- 
ward the  following  view  of  the  present  state  of  the  earth's 
interior,  and  the  origin  of  metamorphic  and  volcanic  action. 
He  believes  that  the  earth  consists  of  an  exterior  shell  of 
sedimentary  deposits,  a  solid  anhydrous  nucleus  still  highly 
heated,  and  between  the  two  a  zone  of  matter  derived 
partly  from  the  nucleus  and  partly  from  the  outside  shell, 
permeated  by  water  holding  siliceous  and  aluminous  mat- 
ter, carbonates,  sulphates,  chlorides,  and  carbonaceous  sub- 
stances, and  raised  to  a  temperature  not  necessarily  very 
high  by  the.  heat  from  within.     Und«r  these  circumstances 

♦  Volcanoes,    pp.     265 — 275;  X  Volcanoes,     pp.    37,     116; 

Gkol.  Mag.,  V.  /)37.  Geol.  Mag.,  vi  196. 

t  Transact.    Cambridge  PhiL 
Soc,  xi.  i  QeoL  Mag.,  t.  493. 
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elsewhere,  and  so  there  may  have  been  a  constant  aaeoes- 

siun  of  torrential  raina  and  deluges ;  at  the  same  time  tttu 
rapid  transfer  of  heat  from  tlio  interior  may  have  siiddenlj 
heated  the  cooled  portions  of  the  eurface,  reused  them  to 
tly  and  crack,  and  eo  produced  groat  ruin  and  shatttTiug  of 
the  criiRt.  By  Buch  powerful  denuding  a^neies  he  thuiltn 
the  BO-called  "  azoic     rocks  may  have  been  formed. 

4th  8tage.^ — -The  crust  ho  far  inoreaacd  in  thickness  that 
there  was  a  very  material  difference  between  the  rale  of  its 
cooling  and  that  of  the  Huid  nucleus,  and  it  became  in  con- 
sequence subjected  to  enormoua  tangential  proseuree,  as 
the  shriukiug  away  of  the  nucleus  tended  to  deprive  it  of 
Nupport.  It  WBB  now  thick  and  stiff  enough  to  transmit 
these  compressions  within  itself,  and  the  consequcnee  was 
that  it  became  ridged  and  doubled  up  into  great  projocting 
MTinkles,  which  were  afterwards  to  be  licked  into  shape 
by  deiuidiitii*u,  and  become  mountain  chains.  The  cnisl 
would  f;ivi.>  wiiy  most  readily  along  the  lines  of  ireuknecs 
idreiidy  ■'^liilili^hiil,  inul  this  is  the  reason  why  great 
moiiiiliiiu  rniLjji's  iltb  found  uliiug  sea-coasts. 

5th  Stage. — Tlu'  tniRt  had  bcimne  so  far  tliii'benod  and 
rendered  so  rigid,  as  not  to  allow  of  the  wrinkling  that 
churncturistHl  the  last  stage.  The  sliriuking  of  the  hot 
nucleus  still  gave  rise  to  tangential  compi'est^ions,  and  the 
crust  was  obliged  lo  jneld  to  these  in  some  other  way ;  and 
reUof  was  now  afforded  by  crusliing  to  jiowder  the  rocks  of 
whifh  it  is  comiwsod.  It  is  the  special  object  of  the  paper 
to  show  that  heat  is  generated  by  tlio  crushing,  and  that 
wo  have  here  a  eourtic  luuply  sulficiont  to  supply  all  the 
heat  necessary  for  the  production  of  the  known  ^ihenomena 
of  volcanic  action. 

The  eti'ect  of  this  crushing  will  be  to  produce  belts,  niore 
or  less  tending  to  be  vortical  in  position,  of  smashed  and 
eruKhed  rock.  Down  these  water  finds  its  way,  and  is 
absorbed  by  the  pidvorisod  mass,  and  then,  if  the  tempera- 
ture generated  bo  higli  enough,  a  mixture  of  fused  or  [tar- 
fially  fused  rock  and  high-prei<sure  steam  is  gi'nerated, 
which  is  forced  up  by  the  eKi>ansion  of  the  steam,  and 
raised  to  the  aurfaci;  us  lava.  The  experiments  of  Daubree 
have  shown  that  water  will  make  its  way  tlirough  capiUarj 
pores  of  rock  in  the  face  of  a  high  opposing  iiressuro  o 
vapour,  and  have  disposed  of  the  objection  that,  if  th 
pressure  was  sufficient  to  raise  the  lava,  it  would  also  pr 
vent  the  access  of  h  utor. 

For  the  olaboi'ute  experiments,  calculations,   and  es 


GENBRAL  8TRUCTUEB  OP  MOUNTAIN  CHAINS.  605 

of  locks  from  a  lower  to  a  hielier  level,  and  not  in  the  least 
to  suggest  the  direction  in  which  the  force  acted  bj  which 
the  movement  was  effected. 

General  Stmotnre  of  MonntaiB  CShaine. — ^Before 
we  go  any  further,  it  will  be  desirable  that  the  reader's 
ideas  should  be  clear  on  two  points:  first,  what  the 
arrangement  of  the  rocks  in  a  moimtain  chain*  is  not  like ; 
and  secondly,  what  it  is  like.  In  many  books  he  will  find 
the  general  section  of  a  mountain  chain  to  be  such  as  is 
shown  in  Fig.  137. 

We  see  in  the  section  a  central  nucleus  of  Ghranite,  and 
from  this  the  rocks  dip  away  on  either  side  in  the  same 
direction  as  the  slope  of  the  ground.  The  sketch  ^ves  the 
idea  that  the  Ghranite  has  been  driven  up  from  below,  and 
has  thrust  aside  the  rocks  on  either  flank.  There  is  no 
mountcdn  chain  known  which  has  a  section  at  all  approach- 
ing* this.  The  section  in  Fig.  138,  though  it  fails  to  convey 
any  adequate  notion  of  the  amount  of  crumpling,  inver- 


1  Gnnxtie  Bocln.  S.  Foliated  SofaktB.  8.  Unaltered  Books. 

fig.  137. — ^WhAT  ▲  SSCTION  AOROBS  ▲  MOUNTAIN  ChAIN  IS  NOT  LIXll. 

sion,  and  smashing  that  is  very  frequently  met  with,  gives 
a  much  fairer  general  idea  of  tibe  disposition  of  the  rocks. 

The  strata  nave  not  been  simply  bent  up  into  a  single 
boss,  but  have  been  folded,  crumpled,  and  dragged  over 
aloi^  a  number  of  linss-  ranging  roughly  parauel  to  one 
another;  and  in  many  cases  so  far  m)m  the  dip  being 
auUcards  on  either  side  of  the  range,  it  is  directly  in  the 

Spposite  direction,  the  rocks  plimge  at  high  angles  on  both 
aiiks  into  the  hiUy  and  a  section  of  them  shows  something 
like  the  plaits  of  an  open  fan,  the  handle  of  which  lies  deep 
down  in  the  centre  oi  the  mountain.  Granite  appears  in 
several  belts,  but  these  show  no  signs  of  having  been 
tiirust  up  through  the  surrounding  rocks.  On  the  contrary, 
the  rock  shades  off  insensibly  into  foliated  schists,  and  these 
melt  away  in  imaltered  rocks. 

Mr.  Xopkiiui's  Theory. — ^We  have  already  mentioned 
Mr.  Hopkins  as  one  of  the  ablest  supporters  of  the  vertical- 

*  Umng  the  tenn  in  the  restricted  sense  applied  to  it  in  the  pre- 
ceding chapter. 
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Mallet  has  replieil,  and  the  argumeDts  pro  and  con  w-ill  bo 
iaund  in  tlie  papers  quoted  below.*  In  a  suhsequenl 
paper  Mr.  FiEher  has  returned  to  the  attaclcf  and  has 
tried  to  strengthen  his  objections  b;  aome  chiborate 
mathematicial  investigatiooa.  It  is  open  to  quegtion 
whether  either  his  figures  or  those  of  the  original  Memoir 
of  Mr.  Mallet  ate  really  of  much  value.  In  a  problem  of 
this  kind,  where  the  conditions  are  so  oomplicated  and  the 
pircumetancea  to  be  taken  into  account  are  so  numerous, 
there  is  always  considerable  risk,  when  we  attempt  to 
reduce  it  to  numerical  calculation,  that  some  point  of  vital 
importance  has  been  overlooked.  In  the  present  instance 
it  looks  as  if  this  risk  is  so  large,  that  we  cannot  feel  safe 
iu  employing  numerical  results  io  j>n>of  or  disproof  of  the 
(Ktrreotnese  of  the  hypothesis. 

It  is  unfortunate  that  in  this  and  many  other  geolo^cal 
questions  the  data  are  too  scanty  to  allow  of  our  availing 
oursL'lvus  of  the  ai.l  of  niiahi.>uiiiti<.iil  imidyr^is  ;  but.  if  tH* 
be  so,  it  is  better  fnmkly  to  acknowledge  the  fact,  and  not 
to  attempt  to  support  or  overthrow  a  theory  by  a  show  of 
numerical  accuracy  which  has  no  sound  basts  to  rest  upon, 

Aa  far  as  providing  a  machinery  adequate  to  produce 
the  heat  required  for  volcanic  action  goes,  Mr.  Slallet's 
explanation  may  turn  out  to  he  the  right  one;  but  when 
we  come  to  his  speculations  as  to  the  order  of  tlie  events 
that  have  aceomiianied  the  growth  of  the  earth  into  it« 
present  form,  we  find  several  of  his  notions  to  be  directly 
in  the  teeth  of  well-cstabUshed  geological  facts. 

He  thinks  that  during  the  third  stage,  when  the  surface 
was  still  too  hot  to  allow  water  to  lie  on  it,  the  great  mass 
of  the  oldest  stratified  deposits  {  were  aecumidated.  This 
cannot  have  been,  for  the  oldest  rocks  we  know  of  contain 
fossils,  and  animal  life  could  not  have  existed  under  the 
conditions  which  he  supposes  to  have  olitained  during  that 
period.  Besides,  there  is  nothing  whatever  in  the  structure 
of  tliese  rocke  to  indicate  so  tumidtuous  and  cataclysmal  a 
mode  of  formation  as  Mr.  Mallet's  views  would  iniply. 

A  fur  more  serious  error  is  committed  with  ri.'S]iec-t  to  the 

•  Quart.    Joum.    Geol.   Soc.,  t  Phil.  BlaR.  (October,  I87.i]. 

Sixi.  469,  511,       ProftSBPr  Hil-  4th  aer.,  vol.  i.,  p.  302. 

Siril     hns    rIbo   criticised    Mr.  J:  I   imagine  thin  is  what   he 

(lUot'i  views,  BilliniRD's  Jour-  moEins    by   "  the  aBsuuied   aznic 

nal.  Srd  mr.,    vii.    635    (June,  and   vet  more  or  lees   BtratiSed 

1874),  and  Phil.  Msi?.,  41h  aor.,  rocks'" 

liviii.  41  (July,  1^74). 
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h,  and  fifth  stages.  The  fourth  he  looks  upon  as  a 
i  of  mountain  building.  It  had,  he  admits,  manifee- 
18  of  igneous  activity,  but  thej  were  of  a  totalij  dif - 
t  character  from  those  of  the  present  day.  Huge' 
of  lava  were  forced  by  hydrostatic  pressure  up 
es,  but  there  was  no  action  of  an  explosive  nature, 
rounds  this  belief  on  the  startling  statement,  which  will 
inly  be  new  to  geologists,  that  the  older  volcanic  rocks 
st  wholly  of  lava  ana  **  heated  dust,"  and  never  show 
Qulations  of  fragmental  matters  such  as  are  shot  out 
odem  volcanoes  by  steam.  He  thinks  this  state  of 
8  may  have  lasted  down  to  the  date  of  the  formation 
e  Chalk.  It  is  scarcely  necessary  to  say  how  com- 
ly  this  statement  is  opposed  to  the  facts.  Mot  to  fi;o 
rom  home,  there  are  in  North  Wales,  the  Lake 
ry,  and  the  south  of  Scotland  countless  instances  of 
nic  agglomerates,  which  are  as  distinctly  the  result  of 
•sive  action  as  the  product  of  any  modem  volcano, 
ret  date  far  back  beyond  the  limit  fixed  by  Mr.  Mallet, 
ain,  according  to  him,  during  the  fifth  stage,  moun- 
^uilding  had  ceased,  and  explosive  volcanic  action  had 
in.  As  a  fact,  many  of  the  loftiest  mountain  ranges 
red  their  final  uplift  during  this  veiy  period.  Explo- 
rolcanic  action  then  can  be  carried  much  further  back, 
noimtain  building  brought  down  much  nearer  to  our 
than  Mr.  Mallet  seems  to  be  aware.  He  allows 
his  stages  overlap  to  some  extent;  in  the  case  of 
ourth  and  fifth,  the  overlapping  is  so  complete  that 
become  practically  coincident.  The  crumplmg  up  of 
rust  sometimes  produces  only  contortion  and  eleva- 
sometimcs  metamorphism  and  volcanic  products  as 
but  the  two  operations  have  not  been  connned  to  dis- 
periods,  but  have  been  going  on  side  by  side  ever 
the  tormation  of  the  oldest  stratified  rock  we  know, 
ssibly,  as  suggested  by  Professor  J.  Le  Conte,  the  first 
ition  ot  mountains  beg^ins  while  the  strata  aro  still  soft 
^h  to  yield  to  the  compressing  force.  They  then  give 
easily  and  no  heat  is  produced.  Afterwards  furaier 
pling  goes  on  after  the  rocks  have  become  consolidated 
impression,  and  then  crushing  and  fusion  results.^ 
ero  is  a  slight  modification  of  Mr.  Mallet's  theory  pro- 
l  by  Professor  3 .  Lte  Conte,  which  should  be  noticed, 
ad  of  supposing  that  the  lines  of  weakness  are  fissures 

*  Silliman'8  Joam.,  3ra  ser.,  yiL  167. 
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cienoy  of  matter  beneath  great  mountain  ranges  is  just 
wliat  the  contraction  theoiy  necessarily  leads  to  ;  while,  if 
elevation  were  due  to  the  Bwelling  up  of  molten  matter  inaa 
bulow,  the  reverEH)  ought  to  be  the  cufie  (see  his  paper 
already  quoted,  p.  156). 

If  we  adopt  tha  supposition  either  of  Mr.  Mallet  or  Arch- 
deacon Pratt,  we  must  also  athnit  that  all  the  sreat  lead- 
ing feutures  of  the  earth's  surface  were  estabhehed  at  a 
very  early  stage  in  its  coneohdation,  and  have  not  mate- 
rially altered  since.  There  are  some  facts  in  the  past 
history  of  the  earth  which  are  hard  to  reconcile  with  this 
view,  but,  aa  we  have  Been,  it  has  a  considerable  weight  of 
authority  on  its  side. 

Professor  Shaler  ueea  the  oontraetion  of  the  earth  to 
explain  the  foimatioa  of  oontiiLentB  and  mountains  in  a 
somewhat  different  way  from  aof  yet  noticed.  He  thinka 
the  methods  of  formation  of  the  two  must  be  difTerent. 
Continents  he  believes  to  be  produced  liy  broad  foldings 
apictiiiff  the  whole  t/iaimis  of  the  cruat.  lie  at'counts  for  the 
sharper  wrinkles  of  mountain  chains  in  the  following  way. 
The  oxiorior  imrt  of  the  crust  is  and  has  bceu  for  a  long 
time  at  the  same  temperature  as  tho  atniospliere,  it  tliere- 
fore  loses  no  heat  and  ioos  not  contract  at  all.  But  a 
deeper  layer  contracts  sensibly,  and  to  componsat©  for 
this  the  superficial  portiona  of  the  cru.st  must  wrinkle  up. 
According  to  him  it  is  this  criimp/iny  of  the  outer  sh^U  oftht 
crust  which  is  the  cause  of  mountain  elevation.* 

In  conclusion,  while  we  admit  that  the  contraction  hypo- 
thesis leaves  some  points  to  be  still  cleared  up,  wo  are  yet 
justified  in  looking  upon  it  as  the  most  con.sistcnt  and  smtis- 
t'actory  explanation  yet  put  forward  of  ihe  cause  of  the  dis- 
turbances of  the  earth's  crust.  At  the  same  time  it  would 
bo  rash  to  say  that  it  is  the  only  cause  ;  some  of  the  other 
moving  forces  suggested  may  have  been  the  means  em- 
ployed in  certain  cases,  f 


Tho  next  posing  question  for  us  to  take  up  is,  What 
gives  rise  to  the  heat  which  is  required  for  the  produo- 

•  Gcol.  Mag.,  T.  fill.  eeo    Medlicott,    Quart.     Joonj. 

t  For  an  ingenious  eiplan&tion  (it-ol.    Soc,    ixir.    34;    nnil    Me- 

of  tho  cause  ol  some  of  the  inver-  moirs  of  the  Geol.  Survey  of  Id- 

■ions  that    are   found  along    ths  dia,  toI.  iii.  pt.  2. 
Qaiilu  gf  aome  mountain  chuinii, 
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tion  of  Yolcanio  eraptioiLB,  metamoTphism,  and  allied  phe« 
Homena? 

jCetamorpliirai  and  Lava,  both  Effects  of  the  same 

CSaiUM. — We  have  seen  reason  to  believe,  that  the  process 
^vrhich  has  imparted  to  the  rocks  usually  classed  as  Meta- 
tnorphic  their  crystalline  texture  and  other  peculiarities, 
'Willy  if  carried  far  enough,  result  in  the  production  of  fused 
rock  underground,  and  that,  if  this  molten  stufP  be  driven 
up  to  the  surface,  it  will  flow  out  as  Lava.  The  source  of 
'Volcanic  activity  and  of  metamorphism  we  may  assume, 
tlien,  to  have  been  the  same,  and  we  have  to  do  two  things: 
first,  to  find  heat  enough  to  bring  about,  in  combination 
-vritli  other  agents,  metamorphism  and  fusion ;  and  then  to 
provide  machineiy  competent  to  lift  the  fused  matter  to  the 
surface. 

Szplaiiation  on  Hypothesis  of  a  Thin  Cmst. — We 
liave  already  seen  how  easily  the  doctrine  of  a  thin  crust 
Holved  the  problem.  The  melted  matter  was  ready  to  hand. 
Hud  the  fracturing  and  sinking  down  of  the  crust  pumped 
it  up. 

But  this  explanation  falls  to  the  groimd  unless  the  crust 

is  thin,  and  as  that  is  a  veiy  doubtful  point  it  cannot  be 

accepted  as  satisfactory.     There  are  besides  several  well- 

Icaown  facts  that  tell  somewhat  against  it.     The  lavas  of 

<iifferent  vents  differ  considerably  from  one  another,  and 

often  seem  to  be  somewhat  related  in  composition  to  the 

xocks  through  which  the  eruption  has  burst  its  way ;  if  all 

lava  came  £rom  one  general  reservoir,  one  would  expect  it 

to  be  more  uniform  in  character.     Again,  there  appears 

to  be  often  no  connection  whatever  between  two  vent«  veiy 

close  to  one  another ;  the  lava  standing  at  different  levels 

in  the  two,  and  in  one  being  in  gentle  and  in  the  other  in 

violent  ebullition.     Such  a  fact,    though  not  altogether 

incompatible  with  the  venta  opening  into  the  same  great 

internal  tank,  does  not  lend  support  to  such  a  view.     A 

more  satisfactory  answer  to  the  second  part  of  the  problem 

supposed  that  water  found  its  way  by  percolation  down  to 

the  molten  interior,  and,  being  suddenly  converted  into 

steam,  burst  through  the  overlying  rocks,  flashed  out  in 

explosions,  and  forced  up  the  lava. 

Mr.  Hopkins's  Theory. — Independently  then  of  the 
fact  that  it  is  very  doubtful  whether  the  crust  is  as  thin 
as  the  exj)lanation  just  described  requires,  it  is  unsatis- 
factory on  other  grounds.  The  advocates  of  a  very  thick 
crust  propounded  several  others  in  its  place.     Mr.  Hopkins 

L  L 
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tiirlprd  .listmts,  and  solidificatin 
I'astei'  ill  ifio  lattor  llian  tlio  I'nnu 
crust  would  tliuB  come  to  have 
surface,  and  the  edges  of  these 
central  sohd  auclous  if  there  wi 
the  interior  was  wholly  fluid,  ai 
would  be  enclosed  iu  the  genei 
Thomson  believes  that  the  outer 
eintilar  honeycombed  structure. 
Assamin^f  that  the  method  of 
Mr.  Hopkins  is  probable,  his  b 
plain  some  of  the  leading  facts  o 
mg  to  it  there  seems  no  reason  v 
and  the  volcanoes  that  they  feed, 
ing  to  any  law  ;  one  would  expe< 
haphazard.  But  one  of  the  : 
ToIcanoeB  is  the  way  in  which  t 
either  coincident  with  or  peiralle 
The  great  volcanic  belt  that  run 
formed  by  the  Eocky  Mounta 
instance.  The  omission  to  acco 
weak  point  in  the  explanation 
not  furnish  a  very  satisfactory  ( 
periods  of  repose  and  activit 
One  could  understand  a  cavity  1 
being  an  end  of  all  eruption 
.i;^..l.oTi«,  n  iiart  of  its  contents 
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mud  that  any  change  in  temperature,  or  pressure,  or  both, 
'muslj  turn  the  scale  and  convert  solid  into  melted  matter. 
IMr.  Scrope  has  supposed  that  sometimes  the  requisite 
increase  of  heat  is  caused  by  the  accumulation  of  thick 
masses  of  sediment  in  a  way  already  described ;  and  that 
sometimes  liquefaction  may  have  been  brought  about  by 
relaxation  of  pressure  where  the  overlying  rocks  have  been 
:fi8sured  or  uplifted.*  Mr.  Mallet  has  shown  that  the 
amount  of  heat  generated  on  the  first  supposition  is  not 
sufficient  to  produce  the  amount  of  volcanic  action  that 
is  actually  going  on  (note  to  his  paper  quoted  below). 
The  Bev.  0.  Fisher  adopts  the  latter  view ;  he  maintains 
that,  whenever  the  contraction  of  the  crust  raises  a  zone  of 
Tock  into  a  mountain  chain,  the  rocks  underneath  have  no 
longer  the  weight  of  that  zone  pressing  on  them,  and,  if  it 
was  only  pressure  that  kept  them  solid,  they  would  pass 
into  the  liquid  state. f  This  hypothesis  accoimts  for  the 
association  of  volcanoes  with  lines  of  elevation. 

However  satisfactory  in  other  respects  these  and  similar 
explanations  may  be,  they  cannot  rise  above  the  rank  of 
snpeculations  until  the  fimdamental  assumption  with  which 
they  start  is  securely  established. 

"While  speaking  of  Mr.  Scrope' s  speculations,  we  must 
not  forget  to  mention  that  he  did  inestimable  service  by 
showing  that,  whatever  be  the  origin  of  lava,  the  force 
that  raises  it  to  the  surface  is  undoubtedly  the  expansive 
power  of  steam.  J  There  is  no  difficulty  in  obtaining  water ; 
very  nearly  eveiy  one  of  the  known  active  volcanoes  is 
situated  near  the  sea,  and  percolation  would  furnish  a 
plentiful  supply. 

Sterry  Hunt's  Theory. — Dr.  Sterry  Hunt  has  put  for- 
ward the  following  view  of  the  present  state  of  the  earth's 
interior,  and  the  origin  of  metamorphic  and  volcanic  action. 
He  believes  that  the  earth  consists  of  an  exterior  shell  of 
sedimentary  deposits,  a  solid  anhydrous  nucleus  still  highly 
heated,  and  between  the  two  a  zone  of  matter  derived 
partly  from  the  nucleus  and  partly  from  the  outside  shell, 
permeated  by  water  holding  siliceous  and  aluminous  mat* 
ter,  carbonates,  sulphates,  chlorides,  and  carbonaceous  sub- 
sttmces,  and  raised  to  a  temperature  not  necessarily  very 
high  by  the  heat  from  within.     Under  these  circumstances 

♦  Volcanoes,    pp.     265—275;  X  Volcanoes,     pp.     37,     116; 

GeoL  Mag.,  v.  537.  Geol.  Mag.,  vi  196. 

t  Transact.    Cambridge   PhiL 
Soc.,  zi. ;  GeoL  Mag.,  v.  493. 
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he  maintains,  on  tbe  strength  of  many  cxpeiimCDtal  results, 
that  the  matter  of  this  zone  would  be  in  a  stJite  of  hjdro- 
thenual  fusion,  and  that  it  would  be  converted,  ootxtrdio^ 
to  circumstanceg,  into  the  Tarious  fonus  of  Metamorrihic, 
I'lutonic,  and  Volcanic  ntcks.  He  adopts  the  8cro|>e-Bab- 
bage  theory  that  thick  deposits  o£  eediment  check  the  eacapa 
of  internal  heat ;  and,  wherever  this  occurs,  the  reactions 
in  the  intermddiate  eone  ate  increased  in  activity,  and  vol- 
cunic  eruptions,  upheaval,  and  other  allied  phenosaeua. 
i-esult.  For  details  of  this  elaborate  theoiy,  the  reader 
must  consult  the  papers  quoted  below.* 

Kr.  B,  Mallet'fl  Theorj- There  is  one  very  signifi- 

c:aut  fart,  which  all  the  explanations  hitherto  glantjed  at 
have  failed  to  notice.  MetamorphiHin  is  ulwaja  accom- 
panied by  contortion,  and  in  many  cases,  perhaps  alw^n, 
it  increases  in  intensity  as  the  crumpling  grows  wan 
^-ioli'nt  und  wmplicated.f 

W«  have  also  seuu  haw  pT^istrully  vJi;...,jl:,s  rang,, 
theui^clvcs  alou^  mountain  chiiius.  that  is.  nlou^  belts  of 
excrtssive  contoriioii. 

It  seems,  tlion,  that  not  only  are  Metamoriiliie,  Plutonic, 
and  Volcanic  aclion  closely  allied,  but  that  contortion 
belongs  to  the  siiino  family.  "W'e  have  got  at  a  fairly  satis- 
factory explanation  of  the  cause  of  contortion ;  will  the 
nittchinery  which  produced  it  also  furnish  us  with  the  heal 
wlKwe  origin  we  aio  in  search  of?  Mr.  E.  Mallet  lias 
iitteiuptod  to  show  thnt  it  will,  in  a  very  remarkable 
memoir,^  of  which  wo  must  attempt  to  give  an  abstract. 

His  ideas  about  the  order  of  events  during  the  passage 
of  tile  earth  from  ii  gaseous  into  its  present  condition  are 
as  follows:— 

1st  Stage. — The  clieraical  elements  of  which  the  earth 
i^  made  np,  existed  iiueombiued  in  a  state  of  gns,  and  the 
lirst  stop  was  tlie  union  of  those  into  combinations  similar 
to  those  we  find  in  tfie  globe  at  present. 

2ud  t-tiigc. — Wheu  a  state  of  chemical  eijuilibrium  had 


*  Cnnndian  Joum.,  ISSS,  j>. 
13;  Oiiart.  Joum.  Geo),  tioi:, 
^  4S8 ;  Comptcs  Hendus.  June 
1KG2:  Dublin  Quurt.  Joum., 
lliinan's  Joum,, 

264 ;  Geology  of 
p.  613,  609  ;  'ite- 
oix,    Lrtoinjcv    (.f  Ciuiudn,   IHGC, 
.  aao  ;  Uuol."  Miig,,  vi.  J4J. 
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I  'anuda.   1  si 


t  Put  one  admiriLble  iiubineo, 
s''c  Giikic,  Traiiaiift.  Edinburgh 
Guol.  S(.c.,  ii.  293,  29i. 

J  l'hil.Tnin8ai^t.,cljiii.{18T3), 
147;  Proceedings  Koval  Socirtv, 
ssii.  328.  See  slso'The  Erup- 
tion of  Vtauvius  in  i872,  by 
l*rot.  Ltiigi  Palniiori,  translataJ 
I'v  Rolierl  llnllet ;  and  Scrope, 
Geol.  M!.fi.,  xi.  28. 
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l)een  established,  the  earth  would  be  wholly  fluid ;  the  sur* 
face  cooling  would  be  more  rapid  at  the  poles  ihan  over 
the  tropics,  and  in  this  way  currents  would  be  set  up,  but 
they  would  be  superficial,  and  would  not  be  sufficient  to 
establish  anything  like  an  equality  of  temperature  through 
the  mass,  so  that  the  interior  would  be  much  hotter  than 
the  outside.  Cooling  would  go  on  by  radiation  from  the 
surface  very  rapidly  on  account  of  the  high  temperature, 
and  a  solid  crust  would  begin  to  be  formed  round  the  poles, 
and  spread  both  ways  to  the  equator.  The  crust  would 
pass  gradually  downwards  into  a  shell  of  viscous  matter, 
and  this  would  graduate  into  the  more  fluid  interior  mass 
He  sees  no  reason  to  doubt  the  power  of  the  crust  to  hold 
together,  in  spite  of  its  small  tiiickness,  on  the  following 
grounds.  His  experiments  on  the  cooling  of  slags  show 
that  a  crust  is  formed  roimd  the  fused  mass  when  me  tem- 
perature is  veiy  little  below  that  of  fusion,  and  the  density 
of  the  crust  differs  veiy  slightly  from  that  of  fused  slag. 
Hence  it  is  likely  that  in  the  case  of  the  earth  the  density 
and  temperature  of  the  first-formed  crust  differed  so  little 
from  that  of  the  still  fluid  matter  below,  that  there  would 
be  no  very  strong  tendency  for  the  solidified  portion  to  sink, 
certainly  not  enough  to  overcome  the  resistance  to  sinking 
caused  by  the  viscosity  of  the  matter  immediately  beneath  it. 
As  Sir  W.  Thomson  has  pointed  out,  the  boiling  up  of  gases 
would  probably  cause  me  crust  to  be  full  of  cavities,  and 
this  might  give  it  buoyancy  enough  to  keep  it  up. 

drd  Stage. — After  a  time,  but  while  the  crust  was  still 
thin,  the  fluid  nucleus  would  begin  to  contract  faster  than 
the  crust,  and  the  latter  would  have  to  accommodate 
itself  by  crumpling.  He  puts  it  forward  as  a  conjecture, 
though  he  thinks  a  very  probable  conjecture,  that  the 
deformation  of  the  crust  at  this  epoch  was  effected  by  broad 
folds,  and  that  by  this  means  the  great.leading  geographical 
outlines  which  the  earth  possesses  at  the  present  day  were 
then  impressed  upon  it ;  that  the  main  continental  areas 
and  oceanic  depressions  were  then  marked  out  and  have 
remained  substantially  the  same  ever  since.  Where  con- 
trary flexures  occurred  at  the  junction  of  continents  and 
sea-basins,  lines  of  fracture  were  formed,  and  lines  of 
weakness  established  which  have  continued  to  be  lines  of 
weakness  ever  since.  The  surface  he  believes  at  that  time 
to  have  been  still  too  hot  to  allow  of  permanent  accumula- 
tions of  water  on  it,  but  comparatively  cool  water  may  have 
fallen,  to  be  driven  off  as  vapour,  and  precipitated  afresh 


tho  sliriukinj.'  awiij-  uf  tbo  iiucl 
KupiHjrt.  It  WHS  now  liiick  nni 
those  compreseiouH  withm  itseil' 
that  it  became  ridged  aad  doubl 
wrinkleB,  wlii<!h  were  afterwarc 
by  denud&tiou,  and  become  mc 
would  give  way  most  readily  al 
already  established,  and  this 
mountain  mugee  are  found  alon 

5th  Stage.— The  crust  had  bi 
rendered  bo  rigid,  as  not  to  al 
characterised  ttie  last  stage. 
nucleus  still  ^ve  rise  to  tangen 
crust  was  obhged  to  yield  to  the 
relief  was  now  afforded  by  cms! 
which  it  is  composed.  It  is  the 
to  show  that  heat  is  generated 
we  haTe  here  a  source  amply  i 
heat  necessary  for  the  productio 
of  volcanic  action. 

The  effect  of  this  crushing  wi] 
or  less  tending  to  be  vertical  ii 
crushed  rock.  Down  these  wt 
absorbed  by  the  pulverised  masf 
ture  generated  be  high  enough, 
tially  fused  rock  and  high-pre 
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mates  by  wliich  Mr.  Mallet  lias  endeavoured  to  show  that 
the  heat  produced  by  crushing  would  be  sufficient  to  pro- 
duce the  effects  assigned  to  it,  the  reader  must  consult 
the  original  papers. 

There  are  many  facts  about  volcanoes  that  are  satisfac- 
torily explained  by  this  theory.  The  rocks  would  yield 
most  readily,  the  crushing  would  go  on  to  the  greatest 
extent,  and  tiie  largest  amount  of  heat  would  be  generated 
along  the  old  established  lines  of  weakness,  and  hence  we 
get  a  reason  why  volcanic  vents  follow  lines  of  mountain 
elevation.  Crushing  would  not  go  on  iiniformly,  but  at 
intervals  ;  it  would  only  take  place  when  the  accumulation 
of  pressure  had  reached  a  point  where  the  rock  was  able  to 
resist  no  longer.  Hence  volcanic  eruptions  will  be  sepa- 
rated by  intervals  of  rest.  The  production  of  an  eruption 
also  requires  a  certain  balance  between  the  supply  of  water 
and  heat.  If  the  former  be  in  excess,  the  volcano  may  be 
either  permanently  or  for  a  time  drowned  out,  or  its  activity 
very  much  reduced. 

The  theory  has  the  following  additional  recommenda- 
tions. It  has  the  merit  of  simplicity.;  it  calls  in  no  hypo- 
thetical agencies,  the  existence  of  which  rests  only  on 
supposition,  for  it  merely  requires  that  the  interior  of  the 
earth  should  be  hotter  than  the  outside,  which  it  almost 
certainly  is,  and  the  co-operation  of  gravitation.  It  puts 
volcanic  action  in  the  light  of  a  beautiful  compensating 
arrangement.  If  the  crust  were  perfectly  unyielding,  it 
must  relieve  itself  from  the  strain  set  up  when  the  nudeus 
recedes,  by  violent  disruption.  As  it  is,  whenever  there  is 
more  matter  in  the  interior  than  there  is  well  room  for,  the 
overplus  is  converted  into  lava,  and  periodically  transferred 
to  the  surface,  and  the  cavities  thus  produced  close  in  slowly 
as  the  crust  adjusts  itself  to  the  shrinking  nucleus.  Lastly, 
it  accounts  in  an  extremely  simple  way  for  the  close  con- 
nection between  Metamorphic,  Plutonic,  Volcanic,  and 
Elevatoiy  action;  for  it  regards  all  four,  not  as  isolated 
phenomena,  but  as  different  results  of  one  common  cause.' 

On  broad  general  groimds  then  it  seems  as  if  much 
might  be  said  in  favour  of  Mr.  Mallet's  views ;  and  it  is 
really  very  doubtful  whether,  in  the  present  state  of  our 
knowledge,  it  is  any  use  trying  to  do  more  than  reason  in 
a  broad  general  way  about  this  class  of  questions.  The 
Rev.  O.  Fisher  has,  however,  attempted  a  minute  and 
detailed  criticism  of  the  theory,  and  has  on  several  grounds 
objected  with  considerable  force  to  its  conclusions.     Mr. 


i  hns  in'cn  overlouked. 
it  luciks  as  if  thiw  risk  is  so  lurge 
ill  emplsying  numerical  reaults  h 
correctaOB8  of  tlio  hypothesis. 

It  ia  unfortunate  that  in  this  a 
qaestioua  the  data  are  too  scant 
onnelTes  of  the  aid  of  mathemal 
be  BO,  it  b  better  frankly  to  ackn 
to  attempt  to  support  or  overthi 
numerical  accuracy  which  has  no 

As  far  as  providing  a  machii 
the  heat  required  for  volcanic  > 
explanation  may  turn  out  to  be 
we  come  to  his  speculations  as  t 
tiiat  have  accompanied  the  gro 
present  form,  we  find  several  of 
in  the  teeth  of  well-established  ^ 

He  tbinlfH  that  during  the  thii 
was  still  too  hot  to  aUow  water  tt 
of  the  oldest  stratified  deposits  % 
cannot  have  been,  for  the  oldest 
fossils,  and  animal  life  could  no 
conditions  which  he  supposes  to  ] 
period.  Besides,  there  is  nothing 
of  these  rocks  to  indicate  so  tum 
mode  of  formation  as  Mr.  Mallet' 
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fourth  and  fifth  stages.  The  fourth  he  looks  upon  as  a 
period  of  mountain  building.  It  had,  he  admits,  manifes- 
tations of  igneous  activity,  but  they  were  of  a  totally  dif- 
ferent ehaiacter  from  those  of  the  present  day.  Huge 
flows  of  lava  were  forced  by  hydrostatic  pressure  up 
fissures,  but  there  was  no  action  of  an  explosive  nature. 
He  grounds  this  belief  on  the  startling  statement,  which  will 
certainly  be  new  to  geologists,  that  the  older  volcanic  rocks 
consist  wholly  of  lava  and  ''  heated  dust,"  and  never  show 
accumulations  of  fragmental  matters  such  as  are  shot  out 
of  modem  volcanoes  by  steam.  He  thinks  this  state  of 
things  may  have  lasted  down  to  the  date  of  the  formation 
of  the  Chalk.  It  is  scarcely  necessaiy  to  say  how  com- 
pletely this  statement  is  opposed  to  the  facts.  Mot  to  go 
far  from  home,  there  are  in  North  Wales,  the  Lake 
country,  and  the  south  of  Scotland  countless  instances  of 
volcanic  agglomerates,  which  are  as  distinctly  the  result  of 
explosive  action  as  the  product  of  any  modem  volcano, 
and  yet  date  far  back  beyond  the  limit  fixed  by  Mr.  Mallet. 

Again,  according  to  him,  during  the  fifth  stage,  moun- 
tain Duilding  had  ceased,  and  explosive  volcanic  action  had 
oome  in.  As  a  fact,  many  of  the  loftiest  mountain  ranges 
received  their  final  uplift  during  this  very  period.  Explo- 
sive volcanic  action  then  can  be  carried  much  further  back, 
and  mountain  building  brought  down  much  nearer  to  our 
day  than  Mr.  Mallet  seems  to  be  aware.  He  allows 
that  his  stages  overlap  to  some  extent;  in  the  case  of 
the  fourth  and  fifth,  the  overlapping  is  so  complete  that 
they  become  practically  coincident.  The  crumpling  up  of 
the  crust  sometimes  produces  only  contortion  and  eleva- 
tion, sometimes  metamorphism  and  volcanic  products  as 
well,  but  the  two  operations  have  not  been  confined  to  dis- 
tinct periods,  but  have  been  going  on  side  by  side  ever 
since  the  iormation  of  the  oldest  stratified  rock  we  know. 

Possibly,  as  suggested  by  Professor  J.  Le  Conte,  the  first 
formation  oi  moimtains  begins  while  the  strata  are  still  soft 
enough  to  yield  to  the  compressing  force.  They  then  give 
way  easily  and  no  heat  is  produced.  Afterwards  further 
crumpling  goes  on  after  the  rocks  have  become  consolidated 
by  compression,  and  then  crushing  and  fusion  results.* 

Thero  is  a  slight  modification  of  Mr.  Mallet's  theory  pro- 
posed by  Professor  J .  Lie  (Jonte,  which  should  be  noticed. 
Instead  of  supposing  that  the  lines  of  weakness  are  fissures 

*  Silliman's  Joam.,  3rcl  ser.,  vii.  167* 
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ono  weak  jwiut  aliout  ull  the  i 
the  internal  heat  of  the  earth 
heat  ret^uired  for  motamorphif 
explanation,  it  would  seem  tha 
for  metamorphosing  a  rock  we 
and  that,  as  a  rule,  the  greater 
which  an;  bod  had  been  buriet 
be  its  alteration.  Of  course  thii 
case,  because  other  agents  bi 
metaraorphiam  ;  but  we  shouli 
find  those  rocke  most  intense] 
Bunk  deepest. 

But  veiT  often  this  is  not  th< 
given  by  Professor  Geikie  :  tl 
of  the  South  Wales  Coalfield  1 
by  from  10,000  to  12,000  feei 
traces  of  metamorphism ;  the 
lands  on  the  other  hand  are 
the  time  when  their  metaniorp 
have  had  over  them  more  than 

It  is  clear,  then,  that  metam 
depend  on  the  depth  to  whid 
the  earth ;  but  it  ia  we  have  e 
there  does  seem  to  be  a  probt 
the  work  of  contortion  may  ha 
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tion  of  Tolcaoic  eraptions,  metamorphism,  and  allied  phe- 
nomena ? 
Metamorphism  and  Lava,  both  EfFects  of  the  same 

Cause. — We  have  seen  reason  to  believe,  that  the  process 
which  has  imparted  to  the  rocks  usually  classed  as  Meta- 
morphic  their  crystalline  texture  and  other  peculiarities, 
will,  if  carried  far  enough,  result  in  the  production  of  fused 
rock  imderground,  and  that,  if  this  molten  stufP  be  driven 
up  to  the  surface,  it  will  flow  out  as  Lava.  The  source  of 
volcanic  activity  and  of  metamorphism  we  may  assiune, 
then,  to  have  been  the  same,  and  we  have  to  do  two  things: 
first,  to  find  heat  enough  to  bring  about,  in  combination 
with  other  agents,  metamorphism  and  fusion ;  and  then  to 
provide  machinery  competent  to  lift  the  fused  matter  to  the 
surface. 

Ezplanation  on  Eypothesis  of  a  Thin  Cmst. — ^We 
have  already  seen  how  easily  the  doctrine  of  a  thin  crust 
solved  the  problem.  The  melted  matter  was  ready  to  hand, 
and  the  fracturing  and  sinking  down  of  the  crust  pumped 
it  up. 

But  this  explanation  falls  to  the  ground  unless  the  crust 
is  thin,  and  as  that  is  a  very  doubtful  point  it  cannot  be 
accepted  as  satisfactory.  There  are  besides  several  well- 
known  facts  that  tell  somewhat  against  it.  The  lavas  of 
different  vents  differ  considerably  from  one  another,  and 
often  seem  to  be  somewhat  related  in  composition  to  the 
rocks  through  which  the  eruption  has  burst  its  way ;  if  all 
lava  came  from  one  general  reservoir,  one  would  expect  it 
to  be  more  uniform  in  character.  Again,  there  appears 
to  be  often  no  connection  whatever  between  two  vents  very 
dose  to  one  another ;  the  lava  standing  at  different  levels 
in  the  two,  and  in  one  being  in  gentle  and  in  the  other  in 
violent  ebullition.  Such  a  fact,  though  not  altogether 
incompatible  with  the  vents  opening  into  the  same  great 
internal  tank,  does  not  lend  support  to  such  a  view.  A 
more  satisfactory  answer  to  the  second  part  of  the  problem 
supposed  that  water  found  its  way  by  percolation  down  to 
the  molten  interior,  and,  being  suddenly  converted  into 
steam,  burst  through  the  overlying  rocks,  flashed  out  in 
explosions,  and  forced  up  the  lava. 

Xr.  Hopkins's  Theory. — Independently  then  of  the 
fact  that  it  is  very  doubtfid  whether  the  crust  is  as  thin 
as  the  explanation  just  described  requires,  it  is  unsatis- 
factory on  other  groimds.  The  advocates  of  a  very  thick 
crust  propounded  several  others  in  its  place.     Mr.  Hopkins 


■i-juws  similar  to  tliosu  <if  Prgiil 
likely  that  mnny  of  the  substau 
elements,  because  we  have  uo' 
them,  are  really  wimpoundB ;  i 
periods  of  a  star's  lifetime  theu 
imcombined  state,  the  disaodat 
iDtenee  beat ;  when  the  heat  wa 
no  longer  able  to  keep  the  elei 
bination  took  place,  and  the 
a  very  considerable  quantity  of 
the  energy  which  had  before  b 
oombination  became  bo  longer  qi 
as  sensible  heat.  Thus  the  life 
cme  continuous  process  of  cooli 
now  and  then  fired  up  afresh,  a 
it  to  a  certain  temperature  m 
than  if  it  had  gone  on  always  s' 
There  has  been  always  a  ol 
and  physicists  on  the  subject 
extreme  slowness  with  which  g 
leads  the  first  to  demand  enom 
tdon  of  the  results  he  sees  arou 
the  latter  tend  to  tie  down  the  a 
within  |rather  narrow  limits, 
theory  turns  out  to  be  well  foi 
able  to  be  more  liberal  in  his 

r^nr.*  Kpt-c^^cn  Iiim  rrnd  tb 
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of  the  present  day,  and  sometimes  altogether  different  in 
kind  from  any  we  are  acquainted  with.  Their  method  was 
profoundly  nnphilosophical,  for  they  gave  no  reason  why  the 
energies  of  nature  should  hare  been  formerly  greater  than 
now,  or  other  than  those  of  our  own  time.  This  school  is 
often  spoken  of  as  the  Catadysmal  or  Paroxysmal  SchooL 

The  reaction  against  these  false  views  led  to  a  school 
which  had  a  tendency  to  run  into  the  other  extreme.  Its 
adherents  maintained  not  only  that  ''the  great  mutations 
of  the  world  are  acted,"  but  that  they  were  acted  long  long 
ago.  These  geologists  hardly  went  so  far  as  to  assert  that 
the  condition  of  the  earth  from 'the  formation  of  the  oldest 
rock  down  to  the  present  time  has  been  all  along  exactly 
what  it  is  now;  but  they  looked  with  suspicion  on  any 
proposal  to  call  in  agencies  different  from  those  of  the 
present  time.  Their  caution,  though  perhaps  sometimes 
carried  too  far,  was  decidedly  a  step  in  the  right  direction. 
The  supporters  of  this  view  have  been  distinguished  as 
Uniformitarians. 

Their  line  of  armment  is,  only  give  time  enough,  and 
every  change,  which  Geology  shows  us  has  taken  place  on 
the  earth,  can  have  been  produced  by  the  action  of  existing 
causes ;  there  is  therefore  no  necessity  for  calling  in  any 
extraordinary  powers,  and,  if  there  is  no  necessity,  it  is 
unphilosophical  to  do  it. 

It  is  probably  true  that  existing  causes  are  quite  suf- 
ficient for  the  production  of  past  geological  changes,  if  they 
only  act  long  enough.  But  the  time  required  will  be  of 
enormous  duration,  and  the  question  arises.  Can  the  as- 
sumption of  an  indefinite  lapse  of  time  be  justified?  This 
question  we  have  just  seen  is  still  an  open  one.  There  is 
the  further  objection  that  it  is  not  only  possible,  but  even 
highly  probable,  that  conditions  different  from  those  of 
our  day  have  existed  during  past  epochs.  Indeed,  if 
the  history  of  the  earth's  development  has  been  anything 
like  that  sketched  out  in  the  present  chapter,  and  if  there 
be  any  truth  in  the  modem  doctrines  of  physics,  it  is 
impossible  that  Uniformitarianism  can  be  literally  true 
even  for  a  limited  period.  When  the  earth  was  hotter 
than  it  is  now,  aU  the  phenomena  which  depend  directly 
or  indirectly  cm  the  internal  heat,  such  as  metamorphism, 
volcanic  energy,  and  contortion,  must  have  been  pro- 
portionately more  energetic;  and  if  the  sun  was  at  the 
same  time  hotter,  all  the  geological  operations  depending 
on  meteorological  conditions,  such  as  denudation,  must 
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them.  It  behoves  ns  to  be  very  careful  how  we  appeal  to 
causes  differing  in  kind  from  any  of  which  we  have  had 
experience,  still  we  must  not  lose  sight  of  the  possibility  of 
there  being  forces,  which  are  periodic  in  their  action,  and 
yet  recur  so  seldom  that  the  span  of  human  experience  has 
not  been  long  enough  to  witness  even  a  single  instance  of 
their  display.  And  this  is  not  one  of  those  purely  gratuitous 
assumptions,  imsupported  by  analogy  or  probability,  the 
use  of  which  brought  the  Paroxysmal  School  into  disre- 
pute. For  instance,  if  we  adopt  the  contraction  theory  of 
the  origin  of  mountidn  chains,  it  is  perfectly  conceivable 
that  the  action  of  its  machinery  may  be  of  this  nature. 
The  pressure  may  have  to  go  on  accimiulating  for  a  very 
long  time  before  it  can  give  rise  to  any  motion ;  and  then, 
when  it  passes  a  certain  limit,  portions  of  the  crust  may 
give  way  with  a  start,  and  a  very  considerable  amount 
of  disturbance  may  be  generated  suddenly ;  after  the  relief 
thus  afforded,  there  may  come  a  long  interval  of  com- 
parative rest  till  a  head  of  pressure  has  gathered  sufficient 
to  make  fresh  disruption  necessary.  This  explanation  is 
d  priori  quite  as  likely,  perhaps  even  more  probable,  than 
the  one  which  supposes  mountain  chains  to  have  been 
raised  by  a  continuous,  gentle  upridging,  prolonged  over 
very  long  periods.  Possibly  the  best  explanation  of  all 
would  be  a  combination  of  both,  which  imagines  slow 
upheaval  to  be  always  going  on  with  fits  of  more  energetic 
action  at  intervals.  Other  instances  might  be  given  ad- 
mitting of  similar  explanation,  but  this  one  must  suffice 
here.  The  moral  of  all  would  be,  let  us  be  very  careful 
how  we  take  our  own  epoch  as  necessarily  the  type  of  all 
time  past  and  to  come.  Experience  must  form  the  basis  of 
our  speculations,  but  we  may  fall  grievously  into  error  if 
we  make  it  the  limit  of  them. 

We  give,  in  conclusion,  the  titles  of  a  few  of  the  more 
important  memoirs  touching  on  the  subjects  which  have 
been  glanced  at  in  this  section.* 


♦  Sir  W.  Thomaon,  On  the 
Secular  Cooling  of  the  Earth, 
Transact.  Royal  Soc.  of  Edin- 
burgh, xxiii.  157,  and  Natural 
Philosophy,  Appendix  D;  On 
Decrease  in  the  Length  of  the 
Day  owing  to  Tidal  Friction, 
Natural  Philosophy,  Arts.  276, 
830  ;  On  Dates  from  Terrestrial 
Temperatures.  British  Assoc.  1855, 
Transact.  Sections,  p.  18 ;  On  Ge- 


ological Time,  Transact  Glasgow 
Geol.  Soc.,  iii.  pt.  I ;  On  Geologi' 
cal  Dynamics,  ibid.,  pt.  2  ;  Prof. 
A.  Geikie,  On  Modem  Denuda- 
tion, ibid.,  iii.  153 ;  Prof.  Huxley, 
Anniversary  Address,  Quart. 
Joum.  Geol.  Soc.,  xxv. ;  Prof. 
Ramsay,  On  Geological  Time, 
Proceedings  Royal  Soc,  xxiL 
pp.  145,  334;  Mr.  C.  Sorby, 
Nature,  ix.  888. 


CHAPTER  Xn. 

ON  CHANGES  OF  CLIMATE^  AND  HOW  TBET  HAVE 

BEEN  BROUGHT  ABOUT, 

**  These  changes  in  the  heavens,  though  alow,  produce 
Like  change  on  sea  and  laud." 

Milton. 

OF  the  many  remarkable  events  which  the  study  of 
geology  assures  us  have  taken  place  during  the  past 
history  of  the  earth,  none  perhaps  are  more  unlooked  for, 
or  more  startling  when  the  proofs  of  their  occurrence  are 
fairly  established,  than  the  changes  which  the  climate  of 
the  same  spot  has  undergone.     We  find,  for  instance,  in 
North  Greenland,  Spitzbergen,  and  other  countries,  where 
now  the  rigours  of  an  Arctic  winter  are  scarcely  relaxed  all 
the  year  round,  and  where  the  presence  of  a  living  forest  tree 
is  a  sheer  impossibility,  the  fossil  remains  of  an  abimdant 
and  varied  flora,  including  poplars,  willows,  beeches,  oaks, 
and  other  trees,  which  grow  only  in  temperate  regions,  and 
some  which  perhaps  indicate  even  a  more  s^nial  climate 
still.     And  it  is  likely  that  this  elevation  of  temperature 
was  not  a  mere  local  accident,  for  it  was  possibly  about 
the  same  time  that  trees  pointing  to  a  sub-tropical  climate 
abounded  in  Switzerland,  Germany,  and  Devonshire.    At 
a  somewhat  later  date  a  change  exactly  in  the  contrary 
direction  was  brought  about,  and  the  severity  of  Arctic 
regions  was  extended  down  to  latitudes  which  now  enjoy 
temperate  conditions.     Scotland  was  pretty  much  in  the 
same  condition  as  Greenland  now,  the  nill  countries  of  the 
Lake  district  of  England  and  North  Wales  nourished  large 
glaciers,  and  the  ice-flows  of  the  Alps  and  other  mountain 
ranges  pushed  their  way  far  beyond  the  limits  which  restrict 
their  pimy  representatives  of  the  present  day. 

When  the  subject  of  change  of  cmnate  first  began  to  attract 
attention,  regard  was  paid  almost  exclusively  to  those  oases 
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where  it  cx)uld  be  Bhown  that  the  temperature  of  a  country 
had  been  formerly  higher  than  now,  and  it  was  somewhat 
hastily  assumed  that  the  alteratiqn  had  been  all  along  in 
the  same  direction,  and  had  consisted  in  a  gradual  lower- 
ing of  the  mean  temperature  of  the  globe ;  and  this  result 
was  assumed  with  equal  haste  to  have  been  brought  about 
by  that  gradual  cooling  which  the  eartii,  if  it  had  been 
originally  in  a  fused  condition,  must  of  necessity  be  con- 
stantly undergoing.  The  former  Arctic  condition  of  Europe 
was  ignored,  either  because  its  existence  had  not  been 

S laced  beyond  question,  or  because  it  was  supposed  to  be 
ue  to  some  special  and  exceptional  cause. 

But  we  now  know  that  such  a  view  is  altogether  mistaken. 
The  second  instance  just  given  of  a  climate  different  from 
that  of  the  present  day,  uiows  that  so  far  from  the  tem- 
perature having  steadily  declined  as  time  went  on,  in  one 
case  at  least  the  contrary  has  taken  place.  Our  own  country, 
after  having  experienced  the  severity  of  an  Arctic  dimate, 
has  now  returned  to  more  &vourable  conditions.  And  as 
the  progress  of  geological  inquiry  has  gone  on,  many  such 
instances  have  been  detected;  and  there  are  reasons  for 
believing  that  the  true  story  is,  that  alternations  of  genial 
and  severe  climates  have  boen  repeated  over  and  over 
again  during  bygone  ages,  and  that  there  has  not  been  a 
continuous  deterioration,  but  a  rotation  of  climates. 

The  grounds  for  this  assertion  cannot  be  given  till  we 
come,  in  the  second  part  of  this  Manual,  to  review  the 
course  of  events,  which  a  study  of  the  rocks  of  the  earth's 
crust  shows  to  have  accompanied  their  formation ;  but  the 
causes  which  have  given  rise  to  these  oscillations  of  climate 
can  be  fuUy  understood  at  this  point  of  the  reader's  studies, 
and  may  be  conveniently  considered  here.  We  do  not 
propose,  however,  te  do  more  than  offer  an  outline  of  the 
subiect,  mainly  because  the  geologist,  Mr.  CroU,  who  has 
made  the  question  almost  his  own,  has  just  issued  a  treatise 
specially  devoted  to  it.* 

Of  the  many  solutions  which  have  been  offered  of  the 
problem,  How  have  past  changes  in  climate  been  brought 
about  ?  only  two  seem  to  have  a  sufficient  show  of  proba- 
bility in  their  favour  to  call  for  notice  in  an  elementary 
manual.  One  of  these  supposes  that  a  distribution  of 
land  and  water,  differing  £rom  that  which  now  exists, 

•  CSlimate  and  Time  in  their  of  Uie  Secular  Changes  of  the 
Geological  Belationa:   a  Theory      £arth's  Climate.    ByJ.  CrolL 
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such  a  case  the  western  shores  of  Europe  would  no  longer 
enjoy  their  present  happy  fortune,  and  our  own  country 
would  suffer  somewhat  die  same  extremities  of  cold  that 
now  prevail  in  Labrador. 

A^Eiin,  the  distribution  of  land  and  sea  affects  the  tem« 
perature  independently  of  the  effect  it  has  in  determining 
the  course  of  currents.  In  the  interior  of  large  masses  of 
land  the  summers  are  excessively  hot  and  the  winters  as 
abnormally  cold ;  on  sea-coasts  and  in  insular  regions 
there  is  far  less  contrast  between  the  seasons ;  so  that  by 
breaking  up  a  continent  into  islands,  or  by  allowing  arms 
of  the  sea  to  gain  access  to  its  interior,  we  might  veiy 
materially  improve  its  climate. 

Land  and  sea  also  produce  effects  on  the  climate  of 
regions  at  a  distance  by  means  of  the  influence  they  bring 
to  bear  on  the  winds  which  blow  over  them.  For  instance, 
we  have  already  mentioned  that  there  was  a  time  when  the 
Alpine  glaciers  were  far  larger  than  at  present;  at  that 
time  what  is  now  the  Sahara  was  covered  by  water ;  the 
winds  then  that  reached  Switzerland  from  the  south 
sucked  up  vapour  as  they  blew  over  this  broad  expanse  of 
sea,  and  came  laden  with  moisture,  which  was  precipitated 
as  snow  when  they  came  against  the  cold  moimtain  sides ; 
hence  the  accumulation  on  the  gathering  ground  was 
increased  and  larger  glaciers  were  needed  to  relieve  it. 
Now  southerly  winds  blow  over  a  parched  desert,  and  not 
only  bring  no  moisture  with  them,  but  by  their  warmth 
tend  to  melt  the  ice,  so  that  there  is  a  smaller  supply  of  the 
material  for  glacier-making,  and  an  agency  tending  to 
dimiTiiflh  what  glaciers  there  are. 

Led  by  considerations  such  as  these,  many  geologists, 
specially  Sir  C.  Lyell,  believe  that  even  the  most  extreme 
revolutions  in  dimate  can  be  accoimted  for  by  changes  in 
the  distribution  of  land  and  sea.* 

That  local  variations,  perhaps  of  a  veiy  excessive  cha- 
racter, might  be  brought  about  in  this  way,  may  be 
readily  admitted ;  thus,  for  instance,  the  submergence  of 
the  Sahara  would  doubtless  tend  to  increase  the  siz^  of 
the  Alpine  glaciers. 

But  the  variations  we  have  to  account  for  were  not  local ; 
the  period  of  intense  cold  already  mentioned,  which  is 
known  as  the  Glacial  epoch,  made  itself  felt  over  the  whole 

*  Principles  of  Geology,  vol.  i.  chap.  zii. ;  Hopkins,  Qaart  Jouxn. 
QeoL  8oc,  tUL  66. 
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af  the  Northern  Heimapb^re;  oue«ra,  known  as  the  Mtoceme 
ftge,  whim  genial  »!limat«a  extended  up  beyond  tho  Aictio 
cmJe,  hus  left  its  traces  half  way  round  the  northern  regions. 

Now  before  we  can  admit  that  caeea  lilie  these  vere 
caused  in  the  way  Sir  C.  Lyell  supposes,  we  must  be  saHa- 
tied  on  two  pointa :  first,  that  there  is  evidence  that  the 
hypothetical  distrihutiou  of  land  and  sea  invoked  to  account 
for  thorn  did  really  exist  at  the  periods  in  question  ;  and, 
secondly,  tlist,  if  it  did,  it  was  competent  to  produce  the 
effects  asBigned  to  it 

Now,  according  to  this  explanation,  the  mild  period  vas 
caused  by  the  land  being  gathered  around  the  tropica,  and 
the  polar  regions  being  largely  occupied  by  sea.  This 
certainly  does  not  seem  to  have  been  the  arrangement  that 
prevailed  during  Uioceno  times ;  the  Euruiiean  deposits  of 
that  date  are  mainly  of  lacustrine  or  shallow  sea  origin, 
and  point  to  the  presence,  not  of  large  areas  of  sea,  but  of 
extensive  tracts  of  continental  land. 

Again,  would  an  accumultitioa  of  land  about  the  equator 
give  rise  to  a  genial  climate  over  the  whole  globe  ?  The 
theory  we  are  considering  says  it  would,  and  in  this  wny. 
The  land,  being  highly  heated  by  the  tropical  sun,  would. 
in  its  turn  heat  the  air,  which  would  rise  and  flow  towuda 
the  poles,  and  thus  there  would  be  a  constant  transfer  of 
heat  from  tlie  ei)iiiili>rinl  to  tin;  ,\ri.li(;  n'^ioii;^.  Tlnit  lliis 
tttmosplnric  cumulation  must  always  go  on,  aud  that  it 
woidd  go  ou  in  the  8upi>osod  case  to  a  larger  extent  than 
now,  cimnot  be  denied ;  bnt  Mr.  Croll  has  shown  that  it 
is  very  doubtful  whether  these  aerial  currents  would  avail 
anything  towards  mitigating  the  severity  of  the  polar 
t'limatf.  However  hot  the  wind  might  be  when  it  left  the 
land,  it  would  be  liable  to  rise  to  heights  ^heru  the  tem- 
perature is  below  tho  freezing  point ;  all  its  warmth  would 
then  be  stolen  from  it  long  bi'fori'  it  reached  its  journey's 
end,  and  it  woidd  come  down  to  the  earth's  surface  in 
northern  latitudes  as  a  chilling  and  not  a  warming  current. 
The  proiHiscd  arrangement  of  land  and  sea  might  therefore 
bring  no  additional  beat  to  polar  regions  ;  what  is  worse, 
it  might  prevent  warm  ocean-currents  flowing  fi\>m  tropical 
regions  towards  the  poles,  aud  so  might  jiut  a  stoji  to  the 
working  of  tlio  maclunery  by  which  equatorial  warmth  is 
now  largely  distributed  over  the  globe,  and  by  the  agency 
of  whieh  nuiny  regions  that  would  otherwise  be  icy  wastes 
are  rendered  liabitable. 

For  Mr.  Croll  has  shown  that  it  is  not  currents  in  the  air. 
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but  currents  in  the  ocean,  that  are  now  performing  this 
beneficent  task.  Whereyer  streams  of  heated  water  flow 
northwards  from  the  tropics  and  spread  out  as  they 
adyance,  they  diffuse  heat  from  their  broad  warm  surfaces 
into  the  air  above,  and  give  rise  to  warm  winds,  the  soften- 
ing influences  of  which  are  felt  over  the  adjoining  coun- 
tries. A  great  belt  of  equatorial  land  might  materially 
interfere  with  these  currents,  which  at  present  all  take 
their  rise  in  the  Southern  Hemisphere,  and  mi^ht  cut  off 
the  supply  of  heat  they  are  always  bringing  to  alleviate  the 
rigours  of  Arctic  regions.  As  far,  then,  as  accounting  for 
the  mildness  of  Miocene  and  other  genial  epochs  goes,  Sir 
0.  Lyell's  arrangement  would  be  very  liable  to  fail,  and  it 
is  scarcely  more  satisfactory  when  it  is  applied  to  explain 
the  cold  of  Glacial  periods.  The  theory,  therefore,  though 
it  may  be  applicable  to  local  instances,  cannot  be  relied 
upon  to  account  for  the  world-wide  revolutions  of  climate 
we  have  to  deal  with.  At  the  same  time,  though  distri- 
bution of  land  and  sea  alone  seems  hardly  sufficient  to 
cause  such  extensive  changes,  it  may  have  had  a  share  in 
their  production,  and  have  helped  other  causes  in  bringing 
them  about.* 

We  will  now  turn  to  the  second  view,  and  see  if  it  is 
more  satisfactory.  This  explanation  was  first  suggested  by 
Sir  J.  Herschel,t  but  he  seems  afterwards  to  have  given  it 
up ;  it  has  since  been  worked  out  in  very  full  detail  by  Mr. 
Croll.t 

It  may  save  the  reader  the  trouble  of  reference  to  a  book 
on  astronomy  if  we  recount  shortly  the  astronomical 
changes  which  this  explanation  looks  upon  as  the  ultimate 
causes  of  change  in  climate. 

The  path  which  the  earth  describes  round  the  sim  is  a 
plane  curve,  called  an  ellipse,  such  aaABFBia  Fig.  139. 


•  Wallace,  Nature,  i.  399,  452. 

T  Proceed.  Geol.  Soc.,  i.  244. 

X  Mr.  CroU's  researches  were 
first  published  in  the  Fourth 
Series  of  the  Phil.  Mag.  He  has 
in  Jukes*  Manual  of  Geology  sug* 
jested  the  following  as  the  order 
in  which  his  papers  may  be  most 
profitably  read:  On  Geological 
Time,  &c,  xxxv.  363  (May, 
1868) ;  xxxvi,  141,  362  (August, 
Kovember,  1868) ;  On  Ocean 
Corrents,  Part  I.,  xxxiz.  81  (Feb- 


ruary, 1870) ;  Part  11.,  xxxix.  180 
(March,  1870) ;  Part  HI.,  xL  283 
(October,  1870),  xlii.  241  (Octo- 
ber, 1871),  xlvii.  94,  168  (Feb- 
ruary and  March,  1874J ;  On 
Supposed  Gh'eater  Loss  oi  Heat 
by  Southern  than  by  Northern 
Hemisphere,  xxxviii^  220  (S^ 
tember,  1869).  The  reader  will 
find  the  substance  of  these  papers 
and  much  additional  matter  in 
the  work  of  Mr.  CroU's  already 
referred  to. 
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If  drawn  tmlj  to  scale,  the  real  path  would  scarcely  be 
disting^uished  by  the  eye  from  a  circle,  and  therefore  it 
is  in  the  figure  made  much  more  oval  than  in  nature, 
lest  the  reader  should  suppose  it  was  actually  circular. 
C  is  the  centre,  A  C  P  the  longest,  BCD  the  shortest 
diameter.  The  sun  occupies  a  point  iS  on  C  P,  called  the 
focus.  P  is  called  the  perihelion  or  point  nearest  to  the 
sun  ;  A  the  aphelion,  or  point  farthest  from  the  sxm ;  S  P 
the  perihelion  distance,  S  A  the  aphelion  distance. 
Now  there  are  two  things  we  have  to  note  about  the 


Fig.  139. — Orbit  op  the  Earth,  Eccentricity  Small,  "Winter 

occuRiNG  IN  Perihelion. 


path:  it  is  constantly  undergoing  changes  both  in  shape 
and  position.  First,  with  regard  to  the  change  in  shape ; 
if  the  earth  and  the  sun  were  the  only  bodies  in  the  uni- 
verse, the  former  would  always  pursue  exactly  the  same 
path  round  the  latter  year  after  year ;  but  the  attractions  of 
the  other  planets  are  always  pulling  the  earth  now  this  way 
and  now  that,  and  in  this  manner  it  comes  about  that  the 
shape  of  its  path  is'  constantly  changing  at  a  very  slow  rate, 
so  fiiat  it  is  at  one  time  more  oval  than  at  another.  The 
changes  in  shape  can  never  go  beyond  certain  fixed  limits. 
For  a  long  series  of  ages  the  orbit  goes  on  getting  more 
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and  more  oval  or  elliptical ;  then  the  elliptidty  begins  to 
decrease,  and  the  orbit  grows  more  and  more  nearly  cir- 
cular; but  before  it  becomes  actually  a  circle  the  ellipticity 
begins  again  to  increase,  and  keeps  increasing  for  another 
long  epoch,  when  it  again  turns  back,  and  begins  to  grow 
less. 

This  is  the  general  nature  of  the  change  in  shape  of  the 
earth's  path  ;  but  we  must  yet  consider  one  or  two  par- 
ticulars more  exactly.  The  longest  diameter y  P  Ay  U  always 
the  same,  and  hence  we  can  nudiie  the  orbit  more  elliptical 
only  by  making  B  C  shorter ;  in  fact  the  orbit,  whue  its 
length  remains  unaltered,  is  at  some  times  flatter  than 
others.  But  the  line  ^  iS  is  equal  to  half  the  longest  dia- 
meter, and  must  therefore  always  remain  the  same  length, 
whatever  change  goes  on.    Now  if  B  comes  nearer  to  C, 


Fig.  140. — O&BJT  OF  TBM  Eabth,  £ccKirTBicxTT  Lakob. 

B  S  can  keep  the  same  length  only  by  8  moving  towards  P. 
Therefore,  when  the  eccentricity  is  large,  the  sun  is  nearer 
to  the  perihelion  than  when  it  is  smalL  Increase  ofeccentri- 
city  therefore  diminishes  the  perihelion  distancSj  and  increases 
the  aphelion  distance. 

If  the  reader  will  compare  Figs.  139  and  140,  he  will 
realise  the  effect  of  the  change ;  in  both  the  longest  axis 
of  the  ellipse  is  the  same,  but  in  the  second  the  curve  is 
more  elliptical,  the  penhdion  distance  8  P\b  loss,  and  the 
aphelion  distance  8A\a  greater  than  in  the  first.  He  must 
not  forget,  however,  that  in  both  figures  the  ellipticity  is 
fai  greater  than  in  the  actual  case. 
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Secondly,  tcsides  a  change  in  eliape,  the  path  of  the 
earth  ia  uDdtTgoing  a  conBtant  though  alow  chanf^   in 

r'.tioa.  If  at  liny  date  the  direction  of  the  lino  P  8  A 
detonninfed.  Bay  by  noting  that  it  points  dir«>ctly  to  a  ' 
particular  stu,  and  the  oheerration  be  repeated  iift«r  b  i 
time,  we  shall  find  tliat  the  lino  no  longer  points  to  the  I 
same  star,  but  has  moved  airay  in  the  eame  direction  as  the  j 
eartli  revolTBB.  This  motion  is  called  the  EeTolution  of  the  i 
Apsides,  and  by  it  the  point  A  is  carried  round  the  'whole  | 
orbit  in  about  112,000  years. 

Such  are  the  facta  ve  shall  liavo  to  boar  in  minil  lespect- 
ing  the  alteration  in  shape  and  the  change  in  position  of 
the  earth's  onbit.  Wo  have  now  to  pass  tn  a  further  point. 
A  plane  through  the  sun  parallel  to  the  plane  of  the  earth's 
equator  is  called  tJie  celestial  equator.  If  the  line  o!  inters 
section  of  the  celestial  equator  and  the  plane  of  the  ecliptio 
meets  the  earth's  orbit  in  ^  -E.  VE,  these  points  are  called 
the  Autumnal  and  Vernal  Equinoxes.  If  a  line  tltroigh  8 
perpendicular  to  .4  £,  F^  cuts  the  earth's  orbit  in  S^S, 
S  S,  these  points  are  called  the  Winter  and  Summer  Sol- 
stices. When  the  earth  is  at  cither  of  the  equinoxei, 
dnya  and  nights  are  everywhere  equal  in  length ;  at  the 
pnrth  moves  from  the  autumnal  towards  the  vernal  eqni 
the  nights  arc  filwnvs  longer  than  the  days,  the  differ 
between  day  .-in. I  ni;:cln  br^inp  greatest  at  the  winter  eol- 
wtico  ;  as  the  I'lirth  movi's  fmiii  the  veninl  equinox  towards^ 
the  autumnal  pqiiinox,  the  days  are  longer  than  the  nights, 
the  longest  day  occurring  as  she  passes  through  tho 
summer  solstice.  In  other  words,  the  time  taken  by 
tho  earth  to  travel  from  A  Eta  f' i'  ia  the  winter  portion, 
and  tho  time  from  F  £  to  A  £  is  the  summer  portion 
of  the  year.  Now  it  ia  very  easy  to  see  that,  as  long 
aa  tho  earth's  path  is  not  a  circle,  the  summer  and  winter 
portions  of  the  year  must  ho  of  different  lengths.  Look  at 
Fig.  i;t9,  which  represents  pretty  nearly  tho  present  state 
of  matters  for  tho  Northern  Hemisphere.  The  arc  A  E.  P. 
Fi'is  shorter  than  the  arc  V£,  A,  A  £,  and,  what  is  more, 
tlio  earth  moves  faster  over  the  first  arc  than  over  the 
second,  be<-nuso  she  moves  faster  the  nearer  sho  is  to  the 
sun.  so  that  l>otIi  theso  causes  now  work  together  to  make 
our  summer  longer  than  our  winter.  Further,  note  that 
not  only  is  our  winter  now  shorter  than  our  summer,  but 
tho  earth  is  nearest  to  the  stm  nearly  at  midwinter,  and 
the  additional  amount  of  heat  thus  obtained  teuda  to  miti- 
gate tho  severity  of  tho  cold  season. 
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The  NorUiem  Hemisphere  now,  therefore,  is  well  off  as 
regards  dimate  for  two  reasons — ^its  winter  is  short,  and  it 
is  nearest  to  the  snn  in  winter ;  the  Southern  Hemisphere 
is  badly  off,  for  its  winter  is  long,  and  it  is  farthest  from 
the  sun  in  winter. 

But  now  oomes  a  point  of  the  utmost  importanoe :  it  has 
not  always  been  so.  We  have  already  mentioned  the 
*motion  of  the  earth's  axis  known  as  precession,  and 
explained  how  that  line  is  constrained  to  move  slowly 
round,  sweeping  out  a  path  in  space  like  the  surface  of  an 
inverted  sugar-cone,    r^ow,  since  the  plane  ci  the  earth's 


Fig.  HI.—Obbit  of  tbm  Eakth,  Wdctbs  occttrring  nf  Aphiltox. 

equator  is  perpendicular  to  the  earth's  axis,  if  the  axis 
moves,  the  terrestrial  equator,  and  therefore  the  celestial 
equator  too,  must  move  with  it ;  and  a  very  little  reflection 
will  show  that  in  consequence  of  the  revolution  of  the 
earth's  axis  the  line  A  £,  V  £  will  turn  slowly  round  8 
as  a  centre.  The  motion  takes  place  in  the  direction  opp<v> 
site  to  that  of  the  earth's  revolution,  and  the  line  makes  a 
complete  circuit  in  about  26,000  years.  The  line^  E^  VE 
is  turning  then  at  this  rate  in  one  direction,  and  the  line 
P  5  ^  in  the  opposite  direction,  at  a  rate  which  carries  it 
through  a  whole  revolution  in  112,000  years;  a  short 
calculation  will  show  that  if  we  take  any  position  of  these 
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shiftmg  lineSy  say  that  in  Fig.  139,  after  a  lapse  of  about 
21,000  years  they  will  come  round  to  the  same  positioii 
again,  and  in  half  that  time  we  shaU  have  a  state  of  things 
liie  that  shown  in  Fig.  141,  where  the  positions  of  the 
equinoxes  and  solstices  are  exactly  reversed,  and  where  the 
winter  for  the  Northern  Hemisphere  is  longer  than  the 
summer. 

This  will  be  the  case  with  our  hemisphere  some  10,500 
years  hence,  and  we  shall  then  be  exactly  in  the  position 
the  Southern  Hemisi)here  is  in  now. 

The  effect  then  of  precession  and  the  revolution  of  the 
apsides  is  this.  Midwinter  will  occur  at  certain  periods  for 
each  hemisphere  when  the  earth  is  in  perihelion,  and  the 
winters  will  then  be  short,  and  their  severity  mitigated  by 
the  proximity  of  the  sun;  about  10,500  years  after  each 
of  these  periods,  the  midwinter  of  the  same  hemisphere 
will  happen  when  the  earth  is  in  aphelion,  and  the  wiater 
will  then  be  long,  and  rendered  more  severe  by  the  in- 
creased distance  of  the  sun ;  the  summer  in  the  latter  case 
will  be  short ;  and  at  first  sight  we  might  thinlr  that  it 
would  be  also  hot  because  of  the  near  approach  to  the  sun, 
but  we  shall  see  shortly  that  there  are  causes  which  pre- 
vent this  circimistance  from  exercising  any  beneficial  effect 
on  the  climate. 

Now  as  long  as  the  path  of  the  earth  deviates  at  all  from 
a  circle,  the  effects  just  described  must  be  produced ;  even 
when  its  eccentricity  is  small,  as  it  is  at  present,  the  hemis- 
phere whose  winter  occurs  at  perihelion  must  have  some 
advantage  over  the  opposite  hemisphere  ;  and  the  greater 
severity  of  the  Antarctic  regions  at  the  present  day  is  doubt- 
less partly  owing  to  the  winter  of  the  Southern  Hemisphere 
falling  now  very  near  aphelion.     But  the  contrast  wiU.  be 
evidently  immensely  greater  when  the  eccentricity  is  large. 
Compare  Figs.   139  and  140.      Everything  that  tends  to 
mitigate  the  severity  of  the  winter  in  the  first  is  present  in 
a  more  pronounced  form  in  the  second,  the  actual  length  of 
the  winter  is  less,  and  the  distance  from  the  sun  in  mid- 
winter is  decreased.     To  take  an  instance,  our  winter  is 
now  nearly  eight  days  shorter  than  the  smnmer ;   but  if  the 
eccentricity  had  its  greatest  value  and  our  winter  occurred 
in  aphelion,  not  only  would  the  length  of  winter  exceed 
that  of  summer  by  thirty-six  days,  but  we  should  be  more 
than  eight  millions  and  a  half  miles  farther  from  the  sun 
in  winter  than  we  are  now. 

If,  therefore,  these  celestial  changes  have  anything  to  do 
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with  dimate,  it  will  be  during  periods  of  high  eccentricity 
that  they  will  produce  their  most  telling  eft'ect.  At  such 
times  the  hemisphere  whose  midwinter  occurs  in  perihe- 
lion will  have  so  short  and  mild  a  winter,  and  so  long  and 
moderately  hot  a  simmier,  that  its  climate  will  be  some- 
thing like  a  perpetual  spring.  The  opposite  hemisphere 
will  haTe  a  long,  severe  winter,  and  a  short  summer ;  and 
these  conditions  will  be  transferred  from  one  hemisphere 
to  the  other  every  10,500  years.  Some  periods  of  high 
eccentricity  have  lasted  long  enough  to  allow  of  such  a 
transfer  having  taken  place  several  times  over. 

Thus  much  was  pointed  out  by  Sir  J.  Herschel,  in  the 
paper  already  quoted,  in  1830  ;  and  he  then  expressed  it  as 
his  opinion,  that  during  a  period  of  high  eccentricity  the 
effect  of  these  secular  changes  would  be  to  place  each 
hemisphere  alternately  in  a  state  approaching  perpetual 
spring,  and  under  a  condition  of  burning  summers  and 
rigorous  winters.  He  seems  afterwards,  however,  to  have 
felt  that  long  periods  of  severe  cold  coiild  not  have  been 
brought  about  by  these  causes,  because  however  con- 
trasted the  seasons  might  be,  the  deficiency  of  heat  during 
a  long  winter  would  be  made  up  for  by  the  large 
amount  received  during  the  short  but  hot  simmier.  In 
fact  the  total  amount  of  heat  received  during  a  revolution 
of  the  earth  increases  as  the  smallest  diameter  of  her  orbit 
decreases,  and  it  might  therefore  seem  at  first  sight  as 
if  periods  of  high  eccentricity  would  give  rise  to  an 
increase  in  the  general  warmth.  But  Mr.  CroU  took  up 
the  subject,  and  showed  that,  though  these  cosmical  changes 
could  not  directly  be  the  cause  of  epochs  of  intense  cold, 
they  must  produce  this  result  indirectly  in  the  following 
manner. 

The  dreary  winters,  which  will  be  the  rule  whenever  the 
eccentricicity  is  high  and  the  winter  comes  round  when  the 
earth  is  near  aphelion,  will  be  long  enough  to  allow  of 
enormous  quantities  of  snow  and  ice  gathering  on  land 
and  sea  every  winter.  At  the  same  time,  during  the 
summer,  the  earth,  on  account  of  its  closer  approach  to  the 
sun,  will  receive  a  larger  amount  of  heat  than  at  present ; 
but  the  summers  wiU  be  so  short  that,  even  with  this 
advantage,  and  supposing  there  was  nothing  to  prevent 
the  sun  from  exerting  its  full  power  in  melting,  there  will 
not  be  time  during  the  lapse  of  a  simimer  for  fiie  whole  of 
the  accumulation  of  the  preceding  winter  to  be  cleared 
away.     The  efforts  then  made  every  summer  to  get  rid 
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of  the  tiozea  matter  will  nerer  "he  alile  to  keep  pace  vitli 
the  additions  of  winter,  and  at  tlie  end  of  each  summer 
there  will  idways  be  a  balance  of  unmelted  enow  and  Joe 
to  carry  forward  to  the  next  winter's  account,  and  the 
pQos  will  grow  year  by  year  till  broad  areas  beoome 
permanently  wrapped  ia  sheets  of  ice  of  enormoiiB  thick- 
ness. 

This  cause  alone  would  favour  the  accumiilutioo  of  meat 
masses  of  ice  and  snow ;  but  there  are  other  causes  which 
tend  in  the  same  direction,  and  prevent  the  sun  from  exert- 
ing its  full  effect  in  the  work  of  melting.  The  presence  of 
great  masses  of  snow  and  ice  will  tend  to  keep  down  the 
summer  temperature,  or  rather  they  will  result  in  making 
the  existence  of  anything  deserring  the  name  of  ennmm 
impossible,  in  spite  of  the  lai^  amount  of  heat  poored  on 
to  the  earth  during  the  part  of  the  year  which  corresponds 
to  siminior.  The  powi-r  of  (li.->  sun  to  heiit  auy  wiiii-innte 
dei)ends  on  the  amount  of  sun  heat  which  that  substance 
can  absorb  or  appropriate  to  itself.  Now  air  can  absorb 
scarcely  any  of  tuo  direct  heat  of  the  sim,  and  consfqueutly 
''  'i  rnj-s  pass  tlirough  it  without  riusing  its  tem- 


perature in  the  slightest  degree.  Many  curious  and  appa- 
rently contradictory  facts  can  be  ex]ilnincd  when  this 
powerlcssncss  of  uir  to  absorb  sun  heat  is  taken  into 
account.  The  pitch  on  a  ship's  side  off  the  Greenland 
coast  has  been  melted  by  the  direct  rays  of  the  sun,  when 
the  temperature  of  the  air  aroucd  was  far  below  the 
freezing  point.  The  air  could  not  take  up  any  of  tiie  heat, 
but  the  pitch  could.  In  the  sumo  way,  when  tlio  sun's  rays 
have  passed  unaffected  through  the  air  and  fall  ujion  the 
ground,  they  meet  with  a  substance  that  can  absorb  them ; 
the  earth  becomes  heated,  and  in  its  turn  radiates  or  gives 
off  lieat  to  tlie  cold  air  above.  Now  the  heat  radiated  from 
the  ground  differs  from  that  which  comes  direct  from  the 
sun  in  this :  it  can  bo  absorbed  by  the  aqueous  vapour  of 
the  atmosphere,  and  it  is  taken  up  greedily,  and,  raising 
the  temperature  of  tliat  vapour,  produces  a  generally 
genial  climate.  But  if  a  coimtry  be  cased  in  snow  and 
ice,  there  will  be  no  heat  absorbeil  and  none  given  back 
to  raise  the  temperature  of  the  watery  vapour :  the  sun's 
heat  n-ill  be  all  used  up  in  tlio  work  of  melting,  and,  as 
long  as  the  icy  coating  reraaias,  the  temperature  of  the 
surfac'e  can  never  be  raiced  above  the  freezing  )K)iat.  In 
such  a  case  the  ground,  instead  of  being  a  source  of 
warmth  from  which  Iiiut  is  always  passing  off  to  warm  tho 
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air  above,  is  a  cold  pavement,  wliich  not  only  has  no  beat 
of  its  own  to  give  away,  but  tends  to  rob  the  atmosphere 
of  any  warmth  it  may  have  obtained  from  other  sources. 

Again,  the  sun's  rays  when  they  fall  on  the  bare  ground 
are  very  largely  absorbed ;  but  from  surfaces  of  snow  or 
ice  a  great  portion  is  reflected  back,  and  lost  to  the  earth 
altogether. 

The  beneficial  effect  which  a  nearer  approach  to  the  sun 
would  tend  to  produce  would  be  further  neutralised  in  this 
way.  The  increased  heat  would  give  rise  to  abundant 
evaporation,  but  the  chilling  effect  of  the  cold  air  and  icy 
masses  would  condense  the  watery  vapour,  and  give  rise  to 
dense  fogs,  which  would  cut  off  the  sun's  rays  and  prevent 
any  melting  of  the  snow  perhaps  all  the  summer  long. 

Here,  one  would  think,  we  have  enough  to  produce  any 
amount  of  severity  of  climate ;  but  Mr.  CroU  believes  that 
there  is  yet  another  cause  that  would  produce  still  more 
important  effects.  He  holds  that  the  great  currents  of  the 
ocean  are  due  to  the  pressure  of  the  trade  winds  on  the  sur- 
face of  the  water.  These  trades  are  caused  by  the  difference 
in  temperature  of  the  air  in  polar  and  equatorial  regions, 
and  if  the  mean  temperature  of  one  hemisphere  be  lower 
than  that  of  the  other,  the  trades  from  the  first  will  be 
stronger  than  those  from  the  second.  Owing  to  this  cause 
the  south-easterly  are  now  more  powerful  than  the  north- 
easterly trades,  and  in  consequence  the  general  set  of 
ocean  currents  is  towards  the  Northern  Hemisphere.  The 
general  tendency  is  thus  for  the  warm  equatorial  waters  to 
be  carried  northwards,  and  raise  the  temperature  of  those 
northern  lands  whose  shores  are  washed  by  them,  or  across 
which  winds  blowing  athwart  the  course  of  the  warm 
currents  are  wafted.  But  when  the  Northern  Hemisphere 
was  under  glacial  conditions,  the  Southern  Hemisphere 
would  be  enjoying  a  mild  dimate  aU  the  year  roun<C  and 
the  present  arrangement  of  currents  would  be  exactly 
reversed.  The  warm  equatorial  water  would  flow  south- 
wards, and  our  hemisphere  would  lose  all  the  benefit  it 
now  derives  from  this  source. 

If  the  explanation  just  given  be  correct,  alternations  of 
periods  of  intense  cold  and  of  periods  when  a  mild  equable 
temperature  prevailed  over  an  entire  hemisphere,  must 
have  recurred  during  the  past  history  of  the  earth  over  and 
over  again.  When  we  come  to  discuss  the  record  of  by- 
gone events  which  Geology  presents  to  us,  we  shaU  find  that 
there  is  evidence  for  sudb  having  been  the  ease.    Further, 
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if  we  tabulate  the  values  of  the 
eccentricity  for  past  epochs,  and 
note  the  points  at  wnich  after 
increasing  for  a  time  it  begins 
to  decrease  or  the  contrary,  we 
shall  find  that  its  values  at  these 
turning  points  are  by  no  means 
all  equal,  and  also  that  the  pe- 
riods during  which  the  eccen- 
tricity keeps  at  a  high  or  a  low 
figure  are  in  some  cases  very 
much  longer  than  in  others. 
Suppose  we  take  a  straight  Hue 
and  divide  it  into  a  number  of 
equal  parts,  each  of  which  re- 
presents a  year,  and  from  each 
of  these  points  erect  perpen- 
diculars, making  the  length  of 
each  perpendicular  proportional 
to  the  value  of  the  eccentricity 
at  the  date  corresponding  to  the 
point  from  which  it  is  drawn, 
and  then  draw  a  curve  through 
the  extremities  of  the  perpen- 
diculars, the  shape  of  this  curve 
will  give  us  an  idea  of  the 
nature  of  the  changes  in  the 
eccentricity.  We  shall  find  that 
we  do  not  get  a  series  of  regular 
arches  each  of  the  same  breadth, 
and  each  rising  to  the  same 
height  above  A  B,  like  the 
curve  in  Fig.  142,  but  a  curve 
like  that  in  Fig.  143,  when  the 
summits  of  the  bends  are  some 
much  higher  than  others,  and 
the  intervals  between  the  bends 
very  unequal  in  length. 

Hence  the  cold  periods  will 
be  very  unequal  in  length,  and 
will  occur  at  very  unequal  in- 
tervals. 

One  more  point  in  connection 
with  Mr.  CroU's  theory  remains 
to  be  noticed.    According  to  it. 
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epochfl  of  intense  severity  would  alternate  with  periods 
when  the  temperature  was  equable  and  mild  all  the  year 
round.  Now  one  of  the  most  puzzling  facts  about  former 
changes  in  climate  is  this.  In  several  cases  where  we  meet 
with  proofs  of  a  temperate  cHmate  having  extended  noiih- 
wardsy  we  also  find  evidence  of  the  existence  of  glacial 
epochs  closely  following  or  preceding  these  genial  times. 
It  seems  strange  that  such  strongly  contrasted  conditions 
should  have  existed  so  near  to  another,  but  this  is  exactly 
the  result  that  ought  to  follow,  if  Mr.  CroU's  explanation  be 


Fig.  142. 


the  true  one.  According  to  it,  whenever  there  was  a  long 
continuance  of  a  hi^h  eccentricity,  each  hemisphere  would 
be  alternately  placed  under  glacial  conditions  and  periods 
of  perpetual  spring.  The  Miocene  epoch  furnishes  an 
admirable  instance  of  the  apparent  contradiction  mentioned. 
We  have  seen  that  during  part  of  it  forest  trees  could  grow 
within  the  Arctic  circle ;  during  another  portion  there  is 
evidence  of  the  presence  of  cold  severe  enough  to  give 
birth  to  large  accumulations  of  ice  at  spots  as  far  south  as 
the  Pyrenees  and  Turin.  Other  instances  will  be  noticed 
in  the  second  part  of  this  Manual. 
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Beda,  T!iir¥niwi  ot  88,  H6 

Bedding,  82;   Dnft,  183;   eiEMed  br 

metamorphitm,  8B8;  boir  prodnced, 

98:    imperfBct,  188:   irregmar,    re- 

galar,  and   lenticular,  86,  119-121; 

of  CoDfflomeratea  and   Bandatonea, 

181 ;  of  Lara,  280 
Berwick-on-Tweed,  Domed  atrata  near, 

361 
Berwicbihire,  Volcanic  nedca  o^  861 
Better  Bed  Coal,  Bpotea  in,  78 
Bind,  71,  78 

Binnej  on  aporea  in  Coal,  78 
Biotite,  38 

Bird-tracka  on  roeka,  186 
Biadioff,  hi«  expenmenU  on  fbtmatioQ 

of  Dolomite,  804 
Bitter  Spar,  41 

BituminooB  Coal,  80;  limeetone,  78 
BUcklead,  81 
Blotchea  green  and  Uoe  in  red  beda, 

800 
Blown  Sand,  149 
Bombs,  Volcanic,  284 
Boracic  Acad,  19 
BordofCoal.178 
Boulder  Clay,  leo 
Branch  Coat  80 

Breaching  of  escarpmenta  bjr  riven,  489 
Breccia,  67 ;  resembling  Boulder  Clay, 

162 ;  volcanic.  834 
Brick  Clity  or  Earth,  70 
Brittany,  Granite  oi;  318,  819 
Brockram,  149 
Bronzite,  40 
Brotherton  beds,  908 
Brown  Coal,  79 
Brown,  Dr.  B.,  on  compoaitioa  of  Cool, 

77 
Bnrdie  House  Limestone,  837 
Burrowing  animals,  denuding  work  at, 

HI 

Cadkb  loais.  Lava  with  Sanidine  ot, 

867 ;  Vokianic  rocks  d,  848 
Caking  Coal,  80 
Calcareous  Ash,  886;  Bocks,  07,  78; 

Sandstone,  68 ;  Tufa,  180 
Ca]icite,41 
Canada,  Granite  veina  of^  880;   Lan- 

rentian  rocks  0(896;  Onodaga  Salt, 

group  ol^  Gypsum  in,  280;  Serpentine 

ot2i« 
Cank,68 

Cannel  CoaL  80, 168 
C^tiion  of  Colorado  B.,  418 
Gape  of  Good  Hope,  fbliation  in  Slate 

at,2B3 
Carbon,  17 ;  Dioxide,  96 
Carbonaceous  limeatone,  T8;   Bocks. 

67,76;  Shale,  72 
Carbonate  of  Lome,  18, 41 ;  absent  fiom 

sea  water,  99, 183 ;  Crvstallisation  of, 

19;  in  form  of  Selenite,  28;  soluble 

in  carbonated  water,  96 
Carbonated  water.  Solubility  of  lime- 
stone in,  96 ;  decomposition  of  Felspar 

bT,97 
Carbonic  Add,  17,  96 ;  given  off  Ihnn 

Yoloancea,  886^  800 


Garilngftird  Kcmiiteins,  Alttnttm  of 
limestone  by'Granite  in.  88S 

Carrara,  Metamorphic  rodu  od^  868,967 

CarmthiierB  on  Coal,  77 

Catadyamal  School  of  Geology,  686 

CavitiesL  liquid  in  Crystals,  804 

Cayton  Bay,  Fault  at,  878 

Caverns  in  Limestone,  96 

Cementing  of  sediment  into  lock,  168 

Ceneri,886 

Centroclinal  dip^  847 

Chalcedony,  88 

Chalk,  78;  altered  of  north-east  of 
Ireland,  874;  eacaipment,  breached  by 
rivera|480,  cutback  through  by  bcooka, 
468 ;  Flinta,  148, 176, 187 ;  Fonuninlk 
iiera  in,  134 ;  resists  denudation,  488 

Challenger  Escpedition,  148 

Chamwood  Forest,  Metamorphio  rocda 
of,  296 

Chemical  composition  of  minerals,  16 ; 
depoaita,  materials  of,  dmved  from 
Tofcanio  sources,  808,  837;  dements 
in  Earth'sorust,  17 ;  Oceanic depoatta, 
188 ;  predpitates  in  salt  water  Laea»> 
trine  beds,  199 

Chemically  formed  rooks,  189-188 

Cherry  CoaL  80 

Cheshire,  lieres  of;  108, 466;  Bock  Bali 
of;  181 

Chert,  88 ;  of  Carboniferoos  Limestone, 
187 

ChiastoUte  Schist,  891 

Chili,  Claystone  conglomerate  oi^  997 

China  Clay,  7u,  97 

Chlorite,  40 ;  produced  by  alteration  oi; 
Hornblende,  81 

Chlorite  Schist,  891 

Chrome  Hill,  486 

Cindery  base  of  Lava  streams^  988 

Clastic  rocks,  93 

CUy,  18,  69,  70,  97 ;  Boulder,  160;  Bed 
of  AUantic,  148, 144 ;  with  Flints,  97 

Clayey  rocks,  67 ;  regular  bedding  ot, 
119-181 ;  imperfecfly  bedded,  188 

Clay  Slate,  873 ;  alteration  of  by  Granite^ 
283 ;  of  aame  composition  as  Granite^ 
326 

Clajrstone,  66 ;  Conglomemte,  997 

Cleat  of  CoaL  178 

Cleavage  of  Crystals,  80, 86 

CleaTage  of  Bocka,  166;  aids  denoda 
tion,    118 ;   how  produced,  881 ;  in 
mountain  chains,  470 

Climate,  alternations  of  severe  anJ 
genial,  641 ;  effiect  of  distribution  ol 
land  and  sea  on,  631 ;  effect  of  occta 
currents  on,  638 ;  effect  of  astrono- 
mical changes  on,  638-643 ;  examples 
of  oscillation  of,  688,  689 

Clinkstone,  6t 

Clyde  B.,  analysis  of  water  of,  188 
<  Coal,  76-81 ;  Ckaxaei,  166  :  Dicey,  179 : 
>  &oe  and  end  of;  178 ;  lormaaon  at 
'  160 ;  rock  faults  in,  i26 ;  seams,  part- 
ings in,  164  ;  subaqueous,  161 ,  thick 
of  South  Staffordshire,  164 

Coarse  deponts.  Growth  o^  188;  on 
deep-sea  bottoms,  418 ;  iredge-ihiiped 
bedding  o^  119-191 
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Bip-fllopSb   448;   fonnatkni   oC   iif; 

maaked  br  gladal  deporite,  440 
Dirt  bed  of  L  of  PortlAad,  146 
Dirtortian  of  fossils  Yfj  ClesTaf^,  IV 
I^stribntion  of  land  and  ssa,  its  efflMi 

on  dimate,  630, 681 
Disturbed  rocks  round  bosses  of  Ojp- 
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Distorbanoes  rocks  hsTe  safhred,  887 
IMstarbanoe  and  solidifloatioa  of  rods, 

oonnectioii  betireen,  164 
Dodecahedron,  Bhomoie,  84 
Doff-tootbed  8par,  80 
Doterite,  62,  66 
Doknnite,  74 ;  asKwiated  with  Serpen- 

tine,  296;  formed  by  predpitaaon, 

806:  Hunt,  Sterry,  his  experiments 

on  formatian  ol^  206 ;  in  lag^oons  of^ 

AtoUs,  186 ;  metamorphic,  276 ;  Batbj 

00,199 
DoloiniticCkaiglomerate,148;  Dolomitie 

Limestone,  74;   oanyessian  of  into 

Dokmiite,279 
Dotomitiwation,  876 
Dome,  847,  860 
Domite,  61, 78 
Donegu,  bedded  Granite  ot818 ;  intm- 

■iTe  teap  o^  849 ;  metamorphio  rocks 

oi;  266,  267 
Donetshire  coast,  knddips  on,  421 
Draoffhton,  contorted  limestone  at,  848 
Drift  bedding,  123 ;  ripple,  124 
Drtddical  remains,    weathered    rocks 

mistaken  for,  in 
Dry  way  of  forming  crystals,  218 
Dimbar,  dykes  near,  260 ;  dyke  and  in- 

trosiTe  sheet  near,  866;   lava  with 

indnded  blocks  near,  847 
Don  courses,  276 
Dnrocher,  his  experiments  on  Dolonii- 

tisation,276 
Di^ces, 219, 246,  290;  of  iEtna,8a4;  of 

Bkaptar  Jokul,  226 

SABTB,enist  0^9;  flgors  01^488,488; 
internal  temperatoje  ot  486;  La- 
place's law  of  density  of^  488 ;  mean 
density  d^  484;  orbit,  changes  in, 
884-686;  original  fluidity  of,  488, 487, 
482;  piUan  of  the  Tyrol,  96 ;  present 
state  of  interior  of,  492,  496,  623; 
aolidiflcation  of,  496 

Xarthqnakes  preceding  yolcanic  emp- 
tionfl,2l8 

East  Lothian,  volcanic  necks  of^  268 

Eccentricity  of  earth's  orbit,  changes 
in,  634,  642 

Eddy-rock,  124 

Eifel,  old  voloanoes  of  The,  888 

£igg,Loi;  Bcoroi; 409;  Tachylite  in,  66 

Bevation,  by  contraction  of  the  earth, 
609 ;  by  intmston  of  Oraxute,  608 ; 
Hopkins  on,  606;  Scrope,  Babbaoe, 
•na  Herschel  on,  606 ;  proved  by  de- 
mtdation,  339 ;  sense  in  which  used, 
604 

Elvanite,  66,  60, 887 

Encrinites,  141 

End  of  coal,  172 

Xonadale,  Esken  in,  478 


Eq[iiinoses,  Pneesrion  ol^lti  eflMt  €■ 

dimate,  687 
Erosion,  oontemporaneoos,  186, 888 
Erratics,  161 ;  in  Oceanic  deposits,  187 
Eruptive  rocks,  817 
Escarpment,  448;  breached  by  river, 

429  ;  formation  of^  4^ ;  masked  by 

giadal  dqpoaits,  448 ;  of  jointed  gri^ 

440 
Eskers,  471 ;  enclosing  lakes,  466,  478, 

476 
Estoarine  rocks,  181, 188 ;  fossili  d,  181 
Etna,  dykes  on,  884 
EDrite,66 
Europe^  Triassie  Bocks  of  Central,  811 ; 

Pqysiosl  Geography  of  during  Tri- 

sane  period,  218 
Evaporation,  iSonnsrodc  salt,  208 

FACBofCoal,178 

False  bedding,  124 

False  veins  in  lava,  888 

Fanlt-rock,  866 

Faults,  862;  chsnge  in  siM  of;  867; 
oonrse  oi^  866 ;  eflect  of  on  outcrop^ 
871  j  hade  of;  866 ;  Hopkins  on,  888 ; 
indirect  evidence  for,  2f78;  parallel- 
ism of;  867 ;  prodncea  by  horisontal 
thmst,  888 ;  rock,  126 

FeLrite,  66, 60 

Felsitic  schist,  286 

Felspars,  Acidic  and  Basic,  86;  aeidie 
associated  with  j^ee  quartz,  49 ;  de- 
oomposition  of;  97 ;  lionodinie  and 
Triclinic,86 

Felspathie Sandstone, 68;  of  S.of  Soot- 
land,  278 

Felstone,  61,  64;  dosdy  related  to 
Granite,  827  ;  ^bular,  232 ;  meta- 
morphoaed  sandstone,  296;  quarti- 
ose  of  Llanberis,  272 

Ferruginous  sandstone,  68 

Fetid  limestone,  73 

Figure  of  the  earth,  483, 4£8 

Fine  deposits,  127 

Fire  day,  70 

Fisher,  Bev.  O.,  on  sooroe  of  Yoleinie 
enezgy,  616 

Flagstone,  86 

Flemingites,  78 

Flints,  38, 142, 176, 187 

Floods  of  B.  Mulleersnd  near  SheiBdd, 
100 

Flows  of  Lava,  vesicular  top  ot  264 

Fluor  Spar,  43 ;  crystallisation  oi;  21 

Folding,  by  vertical  npthrust  or  hori- 
sontal compression,  879  ;  cause  of  in- 
clined strata,  377  ;  produced  at  great 
depths,  386,  and  slowly,  387 

Foliated  rocks,  44 

Foliation,  282,  288;  artificially  pro- 
duced, 286:  crumpled  laminsB  at, 
287;  paralld  to  bedding.  28^  to 
deava^,  286;  produced  by  Metft- 
morphism,  268 

Fontameblean,  sandstone  o^  178 

Footpiints  on  rock,  126 

Foraxninifera,  133 

Forbea,  D.,  his  experiments  on  foU»- 
tion,888 
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HyitenUieoe,  40;  rock, 68, 66 

lex, anchor,  109 ;  ooast,  109;  foot,  109 ; 
gmtheriB^'groand  of;  106;  ziren, 
104 :  Bbeetci,  104,  106 ;  mufaco  lioniui 
prodnoed  by,  462 

loeberK*,  106;  boulden  oanied  hj, 
109,  U6 

loecap,  ofldUatioiu  in  aea-Iersl  oanaed 
by,  341 

Ice-formed  deprnts,  distinctive  eh»- 
ractersnf;  166 

Ice-acratched  rock^  463 

Icesheet,  character  of  gladation  of  aa, 
466;  how  to  determine  path  of  an, 
466 

Ice-wom  diatxicts,  outline  ot  461 

Igneous  rocks,  216;  Acidic  older  than 
Basic,  260;  connection  between 
mineral  character  and  age  ci,  200 ; 
Yolcanio  andXrappean  sobdivisions 
ai;266 

Ignanodno,  192 

Imperfect  bedding,  12B 

Incunation  ai  strata,  842;  prodnoed 
by  folding,  377 

Inoioded  biocka,  in  granite,  821;  in  lava, 
247 

Incretionary  nodnles,  177 

Inland  sea  deposits,  196;  red  coloiir 
of,  200 

Inlier,  368,861 

Inter-bedded  Toleanie  roeks,  246,  258 

Internal  state  of  the  earth,  492;  ^6, 
623 ;  temperature  of  do.,  486 

IntmsiTe  Schistose  Bocks,  287;  Granite, 
810;  of  Brittany,  814, 819;  of  Devon 
and  Cornwall,  817:  lava,  283;  com- 
pact teztore  of  do.  228;  rolcanie 
rocks,  246 

Inrersion,  366;  canted  by  horisontal 
thrust,  380 

Ireland,  altered  diaUc  oL  274 ;  Juket 
on  Talleys  in,  428 ;  landslips  of  Ba- 
saltic pUtean  of;  422 

Ush  Sea,  analysis  of  its  water,  188 

Iron,  oolouring  of  rocks  by,  18, 98 ;  com* 
pounds  of;  18 ;  Pyrites,  18 ;  Bilicate 
d;  18 ;  Spathic  an  at,  iS;  Specular 
ore  oi;  18 

Irregular  bedding,  86 

Irruptive  rocks,  817 

Isle  of  Portland,  dirt  bed  d;  146 

Isle  of  Wight,  marine  and  Kuboerisl  de- 
nudation at,  439;  Needles  of,  443; 
rivers  of,  431  ;  Underdiif  of,  428 

Isomorphism,  27 

Isothermal  lines,  680 

Isthmus  of  Sues,  Bitter  Lakes  at,  208 

7abvi8  Islaxo,  Chemical.dcpoaits  cd;  188 

Jssper,  88 

Jaspery  porcellanite,  278 

Jointing,  109:  aids  denudation,  US; 
oannection  between  and  erystallisa- 
tion,  178 ;  elfe.^t  of  on  shape  of  the 
suriaoe,  489 ;  of  lava,  281 ;  prismatie, 
171 

Jointed  grindstone,  escarpment  at,  440 

Jofdaa?aUey,466 


Jokes,  on  talleys  of  sooth  of  Ireland,  4tf 
Jura,  Inversian  in  the,  866 

KA]ns,471 

Ka(din,70;  soareeat,9r;  opal  in,  96 

Karsten  on  Magnesian  Limestone,  78 

Kent,  Weslden  Deds  oi;  192 

Kentish   Town,   abortive   boring  for 

water  at,  404 
Kilbnm  Coal,  80 

Lasbados  eonent,  680 

LabradOTite,  84 

Lttcustrine  rocks,  181,  196;  chemleal 
deposits  in,  196;  firesh  water,  197; 
saltwater,  196 

lAkes,467;  Bitter  of  Irthmus  of  Sues, 
903 ;  endoeed  by  eskers  or  sand  dunes, 
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PHYSICAL    GEOLOGY. 

With  140  niiutratioxis  by  the  Author.    Grown  8to,  12t.  6d. 


OPINIONS  OF  THE  PSE88, 

"  We  are  boimd  to  reoommend  thii  as  one  of  the  most  eomprehenaiTe  irofka 
which  hare  recently  snpeared.  His  long  training  in  the  field,  as  an  aotire 
member  of  the  Geological  Bnxrej,  has  made  Professor  Green  an  exoeUott 
geological  observer ;  a^  his  earlier  tmiTeraity  tarainimr  has  giren  him  the  power 
of  so  placing  the  flicts  obserred  that  they  may  be  foUowedl  step  by  step,  with 
facility,  tmtil  the  discorered  troth  or  the  accepted  theory  is  placed  in  the  beat 
possible  b'ght/'— ^(A«furMfli. 

**  Professor  Green  is  singnlailj  fitted  fbr  the  task  which  he  has  imdertakeB. 
He  has  had  abimdant  opportonitr  of  observing  a  student's  wants,  and  how  audi 
wants  may  be  best  met  by  the  teacber.  Add  to  this  his  powers  of  clear  reasoning 
and  easy  expression,  and  it  will  be  seen  that  he  is  marked  oat  as  the  very  man  to 
write  a  ffeological  treatise  '  for  stndenta  and  general  readers.'  Nor  are  we  dia- 
appointed.  Every  duupter  may  be  profitably  consolted  by  all  geologists  whatever 
toeir  standing,  and  tine  finger  might  be  laid  on  certain  portions  which  it  would 
be  difiBcnlt  to  praise  too  mamLj."— Academy. 

**  The  process  of  seological  reseaxeh  in  every  quarter  of  the  g^be  is  exceeding 
rapid,  and  discoveries  ox  new  processes  of  invesngation,  leading  to  the  opemng  np 
of  fresh  lines  of  thought  in  connection  with  the  science,  aie  constantly  taP — 
place.  Hence  we  cannot  but  hail  with  Measure  the  appearance  of  a  new  text! 
of  the  science,  especially  of  one  which,  like  the  present,  is  not  a  mere  epitome  of 
other  standard  traatises,  but  whidi  aims  at  some  originality  in  its  arrangement 
and  mode  of  treatment  of  the  anb  ject.  Some  of  the  chapters  are  models  of  dear 
and  accurate  descriptian,  and  of  logical  and  forcible  reascming  *,  they  are  evidently 
written  by  a  man  with  a  thorouf^  acquaintance  with  his  subject,  and  no  little 
enthusiasm  for  it  to  boot.**— AiofMre. 

**We  devoutly  wish  that  every  man  of  culture,  so  called,  had  half  the 
acquaintance  with  geolflffy  which  might  be  gathered  ihnn  thia  work.  Thoofl^ 
avowedly  a  compilataon,  it  is  one  which  only  a  master  of  the  subject  could  have 
produced.  If  it  contains  little  that  is  new,  it  contains  less  that  is  not  true,  and 
the  student  may  find  here  a  solid  foundation.  The  beat  anthoritaes  have  been 
followed  as  renrds  matters  of  iact,  and  in  the  more  speculative  part  of  the 
subject  the  author  shows  great  discretion.*' — Quarterly  Jaumtd  «<  Seienee. 

**  The  clear  and  philosophic  manner  in  which  the  various  suDjeots  are  generally 
treated,  and  the  numerooa  orig^ud  and  weU-seleeted  illustratians,  as  also  the 
many  notes  and  references  to  ouer  works  where  more  detailed  infonnatioa  can  be 
found,  will  render  this  book  a  valuable  addition  to  the  other  treatises  on  the 
science."— iVwii^or  Science  Review, 

**  For  a  student  who  wishes  to  be  something  more  than  a  book  geologist,  who 
wants  to  be  able  to  interpret  natural  phenomena  for  himself,  this  is  just  uie  book 
to  study «"—i7ardwidke'«  Sdenee  Ooeeip. 

**  A  reallv  able  book,  fhU  of  information,  admiraUy  arranged,  and  calculated  to 
be  extremdy  xiaeitaL'*—Noneon/ormi*t. 

"  80  far  as  we  can  judge,  this  is  one  of  the  most  understandable  books  for 
learners  we  have  yet  seen.'*--)Fa/«AaMni. 

**  The  work  is  written  in  a  good  pleasant  style,  wholly  free  from  pedantry,  and 
the  treatment  of  matters  in  controversy  is  broad,  calm,  and  oalenlated  to  inspiie 
confidence." — Sckcel  Beard  (bromide, 

**  Wherever  it  finds  ita  way,  and  its  drcnlatifm  ia  sure  to  be  an  extendve  one, 
it  will  produce  a  most  fkvoorable  impression,  and  one  that  a  doaer  acquaintanee 
will  do  nothing  to  diminish."— Lecd*  Mercury, 

*'The  author  is  both  scholar  and  geoloc^at;  and  while  geologists  will  be  the 
readiest  to  acknovdedge  the  breadth  and  accuracr  of  his  information,  aeholaxs  wfll 
read  his  book  with  pleasure,  and  get  flrom  it  a  lixfng  for  hia  fkvourite  adenee."— 
Xdimbwgh  Daily  Review, 

PABTH. 

STRATIGRAPHICAL    GEOLOGY. 

With  niiutrations.    Crown  8to.        [In  ih$pr$$$» 
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Second  Edition,  thoroughly  Reriwd.                               1 

With  much  N 
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Eptioiil  fi-eling.  whigh  nuiMlhrougli  thf  me<^>  nr  [!iL»  volnmp. W?  have 
(lii'uli^a  but  imprrfe.-! ly  thp  philnwiplil™]  spirit  «liich  miirko  erny  st™  of 
fDiiniTylnto  thu  wondcrB  nf  thin'UrtEit  1«  Apt^*  luiditre  frtronaly  TT^Hnnmend  the 
TDJuine  f<i  Jill  frho  ni^  preiMirvd  to  renil  tbmi^iitfuUf,  And  wi'Lt^h  the  priilpnce  or 

"Eitn-step  in  tlie  pniwMiB  Iraccflwith  ndminiWn  perspii'iiit*nna  fnlii««b» 
Mr.  Ofikic.  ....  Tliia  Uwk  will  luurk  ui  epouh  iu  the  scivDiiUc  stud^  of  th«  1» 
Ag«."— S'n'i'iMj  JIwJtM. 

'■  The  bniik  show"  evctrif'i"*  t|i8  mnrfci  of  amts  oheiM^BliiHi.  wjde  renamh. 
and  Bourid  »iuanin|F.  It  p[c-«Dli'  in  a  nndnbl'!  form  the  rhief  fralnno  of  tlK 
Onnt  loc  AiiP.  and  iUiiitnitfs  them  very  amply  (mm  Ihow  grtiit  Imclsof  (luotliiml 
in  vbich  ^luciation  hafl  left  it«iaLU<t  diutini^riDd  mopt  enduring  nrnrks.'' — S/netator, 

"No  one  cut  pemiw  thin  moat  IntfipstinijbookiriUioDt  (^linnpratoful  to  Mr, 
Oeikiu  fur  hi«  maBterly  summinp-up  of  (he  cvidenw,  urid  apprtTialiBg  (he  Bphit 

Its  nutter  and  iln  tims,  the  iFork  faiun  a  TalnaMe  contribution  to  our  sdeutiflo 
lilcratnre."— .«nMiuiii». 

"  Hy  fiir  the  most  iinportnnt  contrihuUon  to  the  ehiptn  of  Gwilo^nsl  inqmrr 
thnt  hiiH  jet  sppKued.    We  can  nsHuro  our  reuders  thut  the)-  will  find  in  Mr. 

.^.^1.^.....  i.„..i ••niinhle  nud  antintictoTy  mmnuiry  of  the  prewnt  ronditton  of 

.1, .  ;_. .; —  „r  — i — :„^  qncntionR  which  ate  ben 
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vork.  without  nny  nirriiice  of  Bdealiflc  iiceiiner  and  rriinpletmen,  is  go 
a  free  frnni  techniL-alitiet,  ua  to  be  luteUi(nl)lc  to  any  rerufcr  of  onlinarT 
,  Fnt  knowledge  and  tommimd  of  hi<  siibjoet,  for  .kill  in  the  amnini 
:■  r.u.fj<.  :iri<l  tnr  thp  i-lninieiia  with  wlurli  lie  miiinna  mil  hi.  ^..^1 iT^. 


tit.  Gelkie  owupien  a  high  place  oa  a  nciontiflo  writer."— a(afci»i 

"  Can  he  cordially  recommeiided  both  to  tlie  ^r^lo^st  and  the  jKneml  reader 
Ti.^  ..„!„»„. i......,«..,f..ii  andthemetliodofliniidlingBotVw  from  technicality', 

iho  hJd  previously  iittle  or  no  BSologinJ  knowledge." 
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CLIMATE    AND    TIME 

IN  THEIR  GEOLOGICAL  RELATIONS : 

A  THEORY  OF  SECULAR   CHANGES    OF   THE  EARTH* 8 

CLIMATE. 

By  JAMES  CROLL,  LL.D.,  F.R.S., 
Of  H.M.  Gbolooical  Sukybt. 

With  IIliiBtrations,  demj  8yo,  248. 


"  One  of  the  moat  pfailowpUoal  oontiibiitaoiui  to  the  adenoe  of  Oeolon^  within 
the  laat  half •centmry.  Ererj  page  ia  diatmgmahed  bj  doae  and  eameat  UMrawfat, 
and  the  oonclnaioDa  arrived  at,  whether  we  aooept  them  or  not,  are  the  xeaw  of 
striking  powers  of  dedaetiTe  UDaljmB."—Atkemnm. 

**  Whatever  verdict  may  nltiniatdly  await  the  author,  it  will  be  readilj  conceded 
that  he  has  shown  himself  master  of  a  verj  wide  range  of  knovHedse,  and  that  faia 
pages  are  marked  by  nnnsoal  originality  of  thought  and  vigour  ol  reasoning.'* — 
Aeademy. 

**  Admirable  alike  for  its  abondanoe  of  carefully-collected  iketa.  and  for  the 
aobriely  and  force  of  its  reaaoning.  Onrreaderamuatgotothebookitadfto  judge 
of  the  capacity  and  patienee  with  which  Mr.  Crolni  theaia  ia  argued  oai.*^ 
SpeekUor. 

**  Mr.  CroU'a  work  is  everything  which  a  scientific  work  should  be  that  i^uiree 
deep  reeearch  and  labcnious  thought,  combined  with  the  boldest  generaUaation. 
The  theory  ia  at  once  beaumbl,  aimple,  and  complete." — QtiarUHjf  Bmrkm» 

**  Since  Sir  Charlea  Lyell  aent  forth  his  *  Prind^es  of  Geology,'  we  donottUnk 
we  have  had  a  work  that  is  likely  to  be  so  influential  on  the  mtare  of  the  aeienee 
aa  this."— J^rilwA  QuarUrly  Beoiem. 

**  The  publication  of  thia  volume  marks  one  of  the  great  eras  in  the  progieea  of 
geological  investigation.  No  greater  dearing  of  ground,  lenarthening  of  oorda, 
and  strengthening  of  stakes  in  the  fields  of  geology  have  taken  place  since  the  daye 
of  Hutton."— PAao«0pA{ea/ Jfo^asme. 

''We  are  not  saying  too  much  when  we  affirm  that  in  the  department  of 
geological  philoeopby  which  it  discusses  it  will  rank  alongside  Lyell's  *  Prindpiei,* 
and  will  secure  the  reputation  of  its  author."— (7eo^n^ka;  Magagine, 

**  The  patience  of  true  observation  and  the  power  of  ffeneralisation  on  remote 
particulars  are  to  be  seen  on  every  page  of  this  mgenious  ^30o'k^*—N<meof\formi9L 

**  A  great  part  of  the  volume  is  taken  up  with  an  able  discussion  of  the  heating 
powers  of  ocean-cnirents,  and  the  physical  cause  of  oceanic  circulation.  Mr.  Ct^ 
then  endeavours  to  show  that  ocean-enrrents  are  caused  by  the  impulse  cf  the 
prevailing  winds  of  the  globe,  regarded  as  a  ^reneral  system.  He  stoutly  attadte 
aU  other  theories  of  oceanic  ciiculation,  reviewing  Maury's  and  Dr.  Carpenter'a 
especially  at  great  length.  His  examination  of  these  two  theories  is,  indeed, 
exceedingly  acute  and  searching,  and  their  overthrow  is  apparently  complete."— 
Scotntan, 

"A  very  important  contribution  to  geological  inquiij;  and  for  a  long  time  no 
work  has  ai>peared  which  in  equal  measure  is  so  oertam  to  exercise  an  inilaenoe 
on  the  futue  of  the  science." — Magannfwr  die  LUeraUa-  dt»  Au^amUt, 
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NATURE'S    TEACHINGS!! 

BUMAN  LSVENTIOS  JNTICIPATED  ST  XATUSB. 
Witb  more  than  SOO  niugtrationg.     Detny  Hto,  31*. 


MAN"  AND  BEAST, 

HERE  AND  HEREAFTEIi. 

IIJ.USTIUTED  BT  HOBS  THAN  THHBS   HUKDBBD  OBIQINAL 
ANECIMTBEt. 

Third  Edition,  post  Sva,  6s.  Gd. 

•■  Tho  book  i?  d.^ifihlfiJ."— ;)riy,>J  QHnrlerti/  Ittrinr. 

"It  ia  filled  with  an  wdotes  which  are  very  entprtaiEinfr." — Saliirdii^ 
lifriric. 

•'Entromelyrpiidiilile  nnd  int^M-estinf;.  .  .  .  If  thi"  tulknins  on  doffs, 
ruts,  ranarifs.  hnrsos,  oleplmnts,  or  oven  piRS  or  duck?,  ho  who  has 
'Man  and  Beast' nt  Ms  fini^crs'  onds  mav  be  sure  of  »  slirr  eood 
enough  to  cap  tha  best  Ihirt  ia  liliely  to  be  told."— Pflrt  .}fafl  Gn'zellf. 

"  Mr,  Wood,  by  means  of  these  very  readable  and  well --nn den wd 
volumes,  has  done  more  than  any  one  else  rpeently  to  cull  into  aetive 
exercise  the  latent  sympathy  towards  the  loner  animals  wbieh  oxista 
in  ftll  of  Mar—Konronfonmyl. 

"  Eieept  White  of  .Selbome,  ro  EnKliihman  perhaps  ever  wrote 
more  feelmjily  of  animals,  nnd  with  more  sympathetic  insight  inio 
their  habits  and  ways.  They  wanted  the  foeer  rales  until  Mr.  Wood 
wrote  ;  if  they  wcro  siren  to  passing  vote^  of  thanks,  the  whole  of  the 
lower  animals  would  eipress  their  gratitude  to  the  author  of  'Man 
and  Beast.*  " — Obserrer. 

"Tho  volumes  arc  most  intarestinR.  Mr.  Wond  nets  his  heart  on 
observinB  the  nature  and  hahita  of  so-e.iI!ed  dumb  creatures,  and  few 
who  love  them  will  fail  to  bo  interested  in  these  two  woll-wrilten 
volumes." — Watchmnn. 

"  We  recommend  .all  lovers  ot  natural  hislDty  to  read  it." — Land  and 
WaUr. 

"  These  truly  delightful  volmnoa."— ff'or/rf. 

"  An  exceedingly  interesting  and  profitable  book  :  it  is  as  readable 
as  a  romance." — American  Fresh^Urian. 
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MEMOIR  OP 

NORMAN    MACLEOD,    D.D. 

BT  HIS  BROTHER,  THE  REV.  DONALD  MACLEOD,  D.D., 
One  of  Her  HaJeetT's  Chapkins. 
With  Portraits  and  namerooB  BlastratioiiB,  2  vols,  demy  Syo,  26s. 


"  We  onoe  more  commeiid  to  our  readers  a  mnk  wfaieh  is  a  fltting  nMmimient, 
erected  with  the  true  aelf-lbiweliiiliieai  of  a  loriiig  brother  and  a  &Hhftil  bfaccaTdMr, 
and  which  wiU  leaTe  the  aU&iff  impreasioii  that  in  Normaa  ICadeod  aUivno  new 
him  monm  a  devoted,  gallant,  and  delightftil  firiend,  and  his  Church  and  ooontry 
lost  a  magnifloent  champicm  of  the  good,  the  noble,  and  the  troe.''~71si«f . 

"  The  biographer's  delicate  daty  has  been  perfbrmed  with  tact  and  good  taste, 
and  it  is  rare  that  one  writing  so  soon  after  his  hero's  death  is  able  to  give  eomneb 
completeness.to  his  portrait/' — DaU^  Sews. 


"Mr.  DonaldMocleodhasdonehisworkof  oompiling  this  memoir  of  his  iostly- 
oelebrated  brother  with  oare  and  good  taste.  The  introdnctoiT  chanters  ^re  an 
interesting  glimpse  of  a  state  of  life  and  manners  that  is  now  w^-nigh  forgotten." 
—PaU  MaU  Gaaette. 

**  There  is  in  this  memoir  a  sense  of  nrid  reali^  and  of  dose  jwrsonal  oontset, 
which  is  a  rare  qcudity  in  this  branch  of  literatore.''— ^olMrdsy  Bewietf. 

**A  memoir  worthy  of  the  sabject.  It  may  well  do  for  Scotland  what  Dr. 
Stanley's  life  of  Arnold  did  fbr  England."— ^p«e(aior. 

"There  is  throughont  these  Tolnmes  a  freedom  fltnn  eant  and  sentimentality 
that  is  rare  in  the  biography  of  a  popular  diyine."— illA«iMmni. 

'*  The  biographer  has  done  his  taak  weU.  He  writes  with  a  practised  pen,  and 
good  sense  and  good  taste  perrade  the  Tolomes."— 5«o(«Biaii. 

**  This  book  is  a  portrait,  and  it  is  so  well  done,  that  it  may  be  taken  as  sn  ex- 
ample by  writers  who  have  sooh  a  ddicate  piece  of  work  in  hand.  .  .  .  That  a  wyin 
so  tree  in  thonght,  so  bold  in  speech,  so  broad  in  cbuity,  shoold  be  at  the  same 
time  so  ffimply  devout,  full  of  all  the  tremUings  of  the  tenderest  piety,  is  a  lesMm 
and  example  to  ns  alL" — Blaekwcoifs  Magazuu. 

**  A  reaUv  good  book.  .  .  .  The  portrait  of  a  great  orator  and  pastor,  and  a  tme 
and  noble-heuted  man." — Church  QuarUrly  Beview. 

**  A  man  of  great  (acultv,  whoae  genius  was  of  the  kind  that  would  have  jnstifled 
itself  in  almost  any  direotion.  He  might  have  been  an  artist,  a  great  commander, 
an  author  of  high  rank.  Wo  think  oi  him  with  an  affection  which  increases  in 
the  U^t  of  more  intimate  knowledge,  as  a  tme  worker  for  others,  a  devoted,  salf- 
denymff  masx."— British  QmarUrly  Beview. 

"A  valuable  and  interesting  book.    It  is  the  lifb  of  a  thorough  man  .... 
with  boondless  tan  there  is  always  strong  sense  and  rod  eazneetness."— 
iVatmifUUr  Beview. 
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FeepB  at  the  Far  East : 

A  FamilUr  Acomnt  of  a   Visit  to  India.     With    nioBtntioiii. 
BbulII  4to,  21b. 
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Character  Sketches. 

With  IlloatTBtioiLB.     Past  Svo,  lOl.  Sd. 

The  Starling. 

With  lUuatrfttionB.     Crown  8to,  6a. 

The  Old  Lieutenant  and  his  Son. 

With  lUustrationfl.     Crown  8vo,  Ss,  6d. 

Eeminiscences  of  a  Highland  Parish. 

CrOKB  8to,  69. 

The  Earnest  Student ; 

MemoriEds  of  John  llncliintoeh.     Crown  Svo,  39.  6d. 

The  Gold  Thread. 

With  IDualrationB.    Square  8vo,  28.  6d. 

Wee  Davie. 

Sowed,  6d. 

Parish  Papers. 

CrowD  Bvo,  3a.  fid. 

Simple  Truth  spoken  to  Working  People. 

SmaU  Kvo,  2s.  fid. 
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